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* Denotes speaker 
 
 

Monday, July 21, 2003 
EARLY MARS 

8:30 a.m.   Beckman Auditorium 
 

Chairs: R. J. Phillips 
 M. H. Acuña 
 
8:25 a.m.  Albee A.L. 
   Welcome and Introductions 
 
 8:30–9:00 a.m. Acuña M. H. * 

Martian Crustal Magnetism:  What Have We Learned After ~6 Years of  
MGS Observations? [#3206] 
This paper will review the findings of Mars Global Surveyor about the magnetization state of 
the planet. Almost six years of observations have provided a unique view into Mars’ interior 
and thermal history. 

 
 9:00–9:20 a.m. Ghosh A. *   Weidenschilling S. J.    Nimmo F.    McSween H. Y. Jr. 

 Early Accretion and Its Effect on the Thermal History of Mars [#3159] 
We evaluate the possible effect of early accretion (and short-lived radionuclides) on the 
thermal history of Mars. 

 
 9:20–9:40 a.m. Dreibus G.    Brückner J. *   Boynton W. V.  

Evolution of the Martian Crust as Derived from Surface Measurements by Mars Odyssey, 
Other Space Missions, and Martian Meteorites [#3088] 
The analysis of martian meteorites together with geophysical and geochemical data from 
orbital and in-situ space missions provide constraints on the nature of the martian crust. An 
estimation of the global crust composition is derived. 

 
 9:40–10:00 a.m. McLennan S. M. * 

Composition and Chemical Evolution of the Martian Crust and Mantle:  Integrating the Data 
from Missions and Meteorites [#3099] 
Integrating geochemical and spectroscopic data from missions and SNC meteorites leads to 
new conclusions about the evolution of the martian mantle and crust. The mostly ancient crust 
is characterized by a LIL-element enriched basaltic composition. 
 
 

10:00–10:20 a.m.  Break 
 

 
10:20–10:40 a.m. Taylor G. J. *   Boynton W.    Hamara D.    Kerry K.    Janes D.    Keller J.    Feldman W.     

 Prettyman T.    Reedy R.    Brückner J.    Wänke H.    Evans L.    Starr R.    Squyres S.   
 Karunatillake S.    Gasnault O.    Odyssey GRS Team   

Igneous and Aqueous Processes on Mars:  Evidence from Measurements of K and Th by the 
Mars Odyssey Gamma Ray Spectrometer [#3207] 
Concentrations of K and Th and the K/Th ratio vary across the surface. Concentrations are 
higher than in martian meteorites, suggesting that most of the crust formed by partial melting 
of enriched mantle. 
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10:40–11:00 a.m. Frey H. V. * 
 Buried Impact Basins and the Earliest History of Mars [#3104] 

Buried impact basins seen in MOLA data have important implications for the age of the 
lowland crust, what mechanisms could produce the crustal dichotomy, when the global 
magnetic field may have died, and the existence of crust older than the oldest observed 
surface units on Mars. 

 
11:00–11:30 a.m. Phillips R. J. *   Johnson C. L.    Hynek B. M.    Jakosky B. M.  

 Noachian Evolution of Mars [#3021] 
The Noachian era on Mars saw the development of the Tharsis rise and the widespread 
creation of terrain types that required running water. We review both aspects and possible 
interrelationships between Tharsis evolution and global fluvial activity. 
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Monday, July 21, 2003 
STRATIFIED DEPOSITS 

11:30 a.m.   Beckman Auditorium 
 

Chair: A. L. Albee 
 
11:30 a.m.–noon Malin M. C. *  
  Layered Outcrops on Mars [#3288] 
  Layered and massive outcrops on Mars, some as thick as 4 km, display the geomorphic  
  attributes and stratigraphic relations of sedimentary rock.  Sequences in some locations imply  
  a dynamic depositional environment during early martian history. 
   
 
Noon–1:30 p.m. Lunch 
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Monday, July 21, 2003 
EARLY WATER 

1:30 p.m.   Beckman Auditorium 
 

Chairs: R. P. Irwin 
 V. R. Baker 
 
1:30–2:00 p.m. Baker V. R. * 

  Geological History of Water on Mars [#3139] 
There is abundant evidence that Mars is a water-rich planet. Water-related activity has 
persisted up to nearly the present day. This activity represents a long geological history 
involving the active cycling of water. 

 
2:00–2:20 p.m. Schrag D. P. *   Zuber M. T.  

  The Carbon Cycle, Climate Variability and the Fate of an Early Martian Ocean [#3113] 
 We seek to understand the planetary-scale control of climate through the study of climatic  
 perturbations and their relationship to the carbon cycle on Earth, making basic geological and  
 geochemical observations and then comparing these data with simple models of  
 biogeochemical cycles. 

 
2:20–2:40 p.m. Colaprete A. *   Haberle R. M.    Segura T. L.    Toon O. B.    Zahnle K.  

  Post Impact Mars Climate Simulations Using a GCM [#3281] 
  Reported here are the initial results of post impact climate simulations using the Ames Mars  
  General Circulation Model (MGCM). reservoirs. In these simulations, an initial warm and wet  

 atmosphere, like that which would immediately follow an impact, is allowed to evolve
 back to  a steady state. 

 
2:40–3:00 p.m. Grant J. A. *   Fortezzo C.  

  Basin Hypsometry on the Earth, Mars, and the Moon [#3050] 
  Martian valley and basin morphometry may largely reflect the role of impacts in definition  
  of basins and associated topography versus characteristics imparted by subsequent  
  fluvial degradation. 
 

3:00–3:20 p.m. Kereszturi A.  
  Paleodischarge Estimation from Morphometry for Ancient Channels [#3039] 
  We summarize a possible morphology based paleodischarge estimation method for  
  meandering martian channels. 
 
 

3:20–3:30 p.m. Break 
 

 
3:30–3:50 p.m. Parker T. J. *   Grant J. A.    Anderson F. S.    Banerdt W. B.  

  From the South Pole to the Northern Plains:  The Argyre Planitia Story [#3274] 
  Results from the MGS mission (and now the Mars Odyssey Mission) offered the opportunity 
  to revisit the controversial origin and timing of putative sedimentary deposits within Argyre. 
 

3:50–4:10 p.m. Irwin R. P. III*   Maxwell T. A.  
  Multiple Generations of Martian Valley Networks:  Reconciling Extensive Fluvial Erosion  
  with Immature Drainage Systems [#3243] 
  Three generations of martian highland fluvial erosion are identified (ancient extensive 
  erosion, visible degraded networks, and recent gullies) as Noachian networks were  
  continually reorganized by cratering, airfall deposition, and basin infilling. 
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Monday, July 21, 2003 
VOLCANISM 

4:10 p.m.   Beckman Auditorium 
 

Chair: M. P. Golombek 
 
4:10–4:30 p.m. Sakimoto S. E. H. *   Gregg T. K. P.    Hughes S. S.    Chadwick J.  

  Re-Assessing Plains-style Volcanism on Mars [#3197] 
  The martian volcanic plains have thousands of topographic volcanic features providing new  
  contraints on emplacement rates, styles and water interactions, and we may obtain  
  geochemical constraints from comparisons with Idaho’s Snake River Plains. 
 

4:30–4:50 p.m. Lanagan P. D. *   McEwen A. S.  
  Cerberus Plains Volcanism:  Constraints on Temporal Emplacement of the Youngest Flood  
  Lavas on Mars [#3215] 
  The flood lavas of the Cerberus Plains were recently emplaced. Lavas erupted from vents in  
  the western parts of the plains tend to overlie lavas erupted in the eastern regions, indicating  
  that the locus of volcanism has moved westward with time. 
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Tuesday, July 22, 2003 
NATURE OF SURFACE MATERIALS 

8:30 a.m.   Beckman Auditorium 
 

Chairs: P. R. Christensen 
 J. A. Crisp 
 
8:30–9:00 a.m. Bandfield J. L. * 

Martian Global Surface Mineralogy from the Thermal Emission Spectrometer:   
Surface Emissivity, Mineral Map, and Spectral Endmember Data Products [#3052] 

  MGS-TES and the development of a number of analysis techniques has greatly increased our  
  understanding of the mineralogy of the martian surface. As a matter of course, many new  
  questions have been raised. 
 

9:00–9:20 a.m. Wyatt M. B. *   McSween H. Y. Jr.   Christensen P. R.    Head J. W. III 
  Basalt, Altered Basalt, and Andesite on the Martian Surface:  Observations, Interpretations,  
  and Outstanding Questions [#3271] 
  Outstanding questions pertaining to the origin and composition of martian low-albedo surface 
  materials are discussed and ongoing work to address these issues is presented. 
 

9:20–9:40 a.m. Ruff S. W. * 
  Basaltic Andesite or Weathered Basalt:  A New Assessment [#3258] 
  The question of whether the “Andesite” unit is weathered basalt with clay minerals can in part  
  be addressed by expanding the spectral range of analysis. Preliminary results show no  
  indication of a clay mineral feature at ~530 cm-1. 
 

9:40–10:00 a.m. Morris R. V. *   Graff T. G.    Mertzman S. A.    Lane M. D.    Christensen P. R.  
  Palagonitic (Not Andesitic) Mars:  Evidence from Thermal Emission and VNIR Spectra of  
  Palgonitic Alteration Rinds on Basaltic Rock [#3211] 
  VNIR and TES specra of palagonitic alteration rinds developed on basaltic rocks are spectral 
  endmembers that provide a consistent explanation of both VNIR and TES spectra of martian 
  dark regions. 
 

 
10:00–10:20 a.m. Break 
 
 
10:20–10:40 a.m. Calvin W. M. *   Fallacaro A.    Baldridge A.  

  Water and Hematite:  On the Spectral Properties and Possible Origins of Aram, Meridiani, 
  and Candor [#3075] 
  We summarize the Mariner IRS evidence for increased water at TES hematite sites, explore  
  the observations by ISM over these regions and consider possible scenarios for the concurrent  
  deposition of bulk hematite and hydrated minerals. 
 

10:40–11:00 a.m. Gunnlaugsson H. P. *   Bendtsen L. S.    Bertelsen P.    Binau C. S.    Gaarsmand J.  
  Goetz W.    Helgason Ö.    Kristjánsson L.    Knudsen J. M.    Leer K.    Madsen M. B.     
  Nørnberg P.    Steinþórsson S.    Weyer G.  

  Magnetic Anomalies in Iceland:  Implications for the Magnetic Anomalies on Mars [#3025] 
  The mineralogy and magnetic properties of samples from three magnetic anomalies in Iceland  
  have been studied by various techniques. The magnetic minerals are iron-titanium oxide 
  phases with remanent magnetisations of the order of 1000 A/m. 
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11:00–11:20 a.m. Blaney D. L. *   Glenar D. A.    Bjorker G. L.  

  High Spectral Resolution Spectroscopy of Mars from 2 to 4 µm:  Surface Mineralogy and  
  the Atmosphere [#3237] 
  Ground based spectra of Mars from 2–4 µm were collected. Clouds and dust optical depths  
  have been modeled. Clear areas consistent with “Type II” surface units were identified. No  
  clay or carbonate absorption features have been observed. 
 

11:20–11:40 p.m. Economou T. E. *   Foley C. N.    Clayton R. N.  
  The Chemical Composition of Martian Samples — Final Results from the Pathfinder Alpha  
  Proton X-Ray Spectrometer [#3155] 
  We have now finished the re-analysis of all the Pathfinder APXS data, both the alpha-proton 
  and the X-ray modes. Two papers, on calibration and on the final results of the Pathfinder 
  martian samples, have been written and sent for publication to JGR. 
 

11:40–12:10 p.m. Christensen P. R. * 
  Water on Mars:  Evidence from Minerals and Morphology [#3126] 
  Mars lacks extensive aqueous weathering or carbonates, but has localized aqueous  
  mineralization and large deposits of water ice with local melting. Mars may have an extensive  
  water inventory that has been frozen throughout much of its history. 
 

 
12:10–1:30 p.m. Lunch 
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Tuesday, July 22, 2003 
FUTURE MARS EXPLORATION 
1:30 p.m.   Beckman Auditorium 

 
Chairs: A. L. Albee 
 J. B. Garvin 
 
1:30–2:00 p.m. Garvin J. B. *   McCleese D. J.  

  NASA’s Mars Exploration Program:  Scientific Strategy 1996–2020 [#3177] 
  This paper describes a roadmap to the next ~20 years of Mars exploration from the NASA  
  viewpoint. The design of the newly restructured strategy is attentive to risks and a major  
  attempt to instill resiliency in the program. 
 

2:00–2:30 p.m. Chicarro A. F. *   Science Team   
  The Mars Express Mission and Its Beagle-2 Lander [#3049] 
  An overview of the Mars Express mission, and in particular the scientific investigations 
  onboard its orbiter and the Beagle-2 lander, will be presented with particular emphasis on the 
  search for water and traces of life. 
 

2:30–3:00 p.m. Golombek M. *   Grant J.    Parker T.    Kass D.    Crisp J.    Squyres S.    Adler M.    
  Haldemann A.    Carr M.    Arvidson R.    Weitz C.    Zurek R.  

  Mars Exploration Rover Landing Site Selection [#3222] 
  After over two years of research and analysis, sites in Meridiani Planum and Gusev crater  
  have been selected for landing the Mars Exploration Rovers. Both sites appear acceptably safe 
  and have strong indicators of liquid water in their past. 
 

3:00–3:30 p.m. Greeley R. * 
  Gusev Crater, Mars, as a Landing Site for the Mars Exploration Rover 
  (MER) Project [#3286] 
  Gusev crater is about 160 km in diameter, centered at 184.5 W, 14.3 S, in the southern  
  cratered highlands near the border with the northern lowlands. The floor of this impact crater  
  has been approved as a landing site for MER.  
 

3:30–4:00 p.m. Arvidson R. E. *  
  Science Rationale Associated with the Mars Exploration Rover Meridiani Planum  
  Landing Site [#3289] 
  The Meridiani Planum Mars Exploration Rover landing site is located on smooth plains that  
  expose the top stratum of a wide-spread layered complex that overlies Noachian cratered 
  terrain.  This top unit is interpreted from MOS TES spectra to exhibit up to 15% by area of 
  gray crystalline hematite, mixed with basaltic materials. 
 
4:00–4:30 p.m. Zurek R. W. * 
  The Mars Reconnaissance Orbiter (MRO) Mission [#3290] 

  In August 2005, NASA’s Mars Exploration Program (MEP) will launch the Mars  
  Reconnaissance Orbiter (MRO) to Mars.  Carrying a suite of six science instruments, UHF 
  radio relay, and two technology demonstration packages, the MRO Mission pursues the 
  NASA MEP “Follow the Water” strategy through a series of remote sensing observations. 
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Tuesday, July 22, 2003 
POSTER SESSION I:  FUTURE MISSIONS 

4:30–6:30 p.m.   Dabney Garden 
 
 

MER Landing Site 
 
 
Seelos F. P. IV   Arvidson R. E.  

Origin and Evolution of Layered Deposits in Meridiani Planum [#3101] 
The origin and evolution of layered deposits in the Meridiani Planum region are investigated using multiple 
remote sensing data sets. 
 

Lane M. D.    Christensen P. R.    Hartmann W. K.    THEMIS Science Team   
A Study of Meridiani Planum, Mars, Using THEMIS Data [#3122] 
This study utilizes both THEMIS single-band (for determining crater density) and multiple-band (for 
determining composition) data to investigate the Meridiani Planum MER landing site. 
 

Allen C. C.    Westall F.    Longazo T. G.    Schelble R. T.    Probst L. W.    Flood B. E.  
Meridiani Planum Hematite Deposit:  Potential for Preservation of Microfossils [#3133] 
The martian hematite site may be significant in the search for evidence of extraterrestrial life. Since hematite 
can form as an aqueous precipitate, the potential exists for preserving microfossils in ecosystems that deposit 
iron oxides. 
 

Kass D. M.    Schofield J. T.    Michaels T. I.    Rafkin S. C. R.    Richardson M. I.    Toigo A. D.  
Analysis of Atmospheric Mesoscale Models for Entry, Descent and Landing [#3251] 
Each MER lander is sensitive to the martian winds encountered near the surface during the EDL process. 
Several statistical tools were used to analyze the winds from mesoscale models and asses the saftety of landing 
sites. Such techniques can also indicate scientifically interesting features. 
 

Martin T. Z.    Bridges N. T.    Murphy J. R.  
Modeling Near-Surface Temperatures at Martian Landing Sites [#3162] 
We have developed a process for deriving near-surface (~1 m) temperatures for potential landing sites, based on 
observational parameters from MGS TES, Odyssey THEMIS, and a boundary layer model developed by J. R. 
Murphy for fitting Pathfinder meteorological measurements. 
 

Haldemann A. F. C.    Larsen K. W.    Jurgens R. F.    Slade M. A.    Butler B. J.    Arvidson R. E.    Harmon J. K.  
Gusev and Meridiani Will Look Different:  Radar Scattering Properties of the Mars Exploration Rover  
Landing Sites [#3272] 
Analysis of all existing radar data for the two Mars Exploration Rover (MER) landing sites at Meridiani Planum 
and Gusev Crater suggest that their meter-scale morphological appearance will be noticeably different than 
previous Mars landing sites. 
 

 
 

MER Instruments 
 

 
Bell J. F. III   Squyres S. W.    Herkenhoff K. E.    Maki J.    Schwochert M.    Dingizian A.    Brown D.    
Morris R. V.    Arneson H. M.    Johnson M. J.    Joseph J.    Sohl-Dickstein J. N.    Athena Science Team   

Pancam:  A Multispectral Imaging Investigation on the NASA 2003 Mars Exploration Rover Mission [#3029] 
Pancam is a multispectral, stereoscopic, panoramic imaging system carried aboard the NASA Mars Exploration 
Rovers. This presentation describes the basic characteristics and operational modes of the Pancam instrument. 
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Jensen J.    Bertelsen P.    Folkmann F.    Kinch K.    Goetz W.    Gunnlaugsson H. P.    Jakobsen R.    
Knudsen J. M.    Madsen M. B.    Merrison J. P.    Nørnberg P.    Søgaard C.  

Testing of Magnets for the Mars Exploration Rover Missions [#3042] 
Two of the magnets on each of NASA’s Mars Exploration Rover will acquire airborne dust for Mössbauer and 
X-ray fluorescence measurements. A description of the magnets is given and results obtained in simulated 
martian conditions are discussed. 
 

Klingelhöfer G.    Morris R. V.    de Souza P. A. Jr. 
The Miniaturized Moessbauer Spectrometer MIMOS II of the Athena Payload for the  
2003 MER Missions [#3132] 
The Athena Mössbauer spectrometer MIMOS II will dermine the oxidation state and mineralogical composition 
of iron on the martian surface. 
 

de Souza P. A. Jr.   Morris R. V.    Klingelhoefer G.  
Analysis of Mössbauer Data from Mars:  A Database and Artificial Neural Network for Identification of  
Iron-bearing Phases [#3143] 
An artificial neural network coupled with a Mössbauer database will be implemented for fast and  
accurate identification of iron-bearing phases that contribute to Mössbauer spectra obtained by the MER 
Mössbauer spectrometer. 
 

Arvidson R. E.    Lindemann R.    Matijevic J.    Richter L.    Sullivan R.    Haldemann A.     
Anderson R.    Snider N.  

Mars Exploration Rovers as Virtual Instruments for Determination of Terrain Roughness and  
Physical Properties [#3231] 
The two 2003 Mars Exploration Rovers (MERs), in combination with the Athena Payload, will be used as 
virtual instrument systems to infer terrain properties during traverses, in addition to using the rover wheels to 
excavate trenches, exposing subsurface materials for remote and in-situ observations. 
 

Herkenhoff K. E.    Squyres S. W.    Bell J. F. III   Maki J. N.    Arneson H. M.    Brown D. I.    Collins S. A.    
Dingizian A.    Elliot S. T.    Goetz W.    Hagerott E. C.    Hayes A. G.    Johnson M. J.    Kirk R. L.    Madsen M. B.    
Morris R. V.    Scherr L. M.    Schwochert M. A.    Shiraishi L. R.    Smith G. H.    Soderblom L. A.     
Sohl-Dickstein J. N.    Wadsworth M. V.    Athena Science Team   

The Athena Microscopic Imager Investigation [#3276] 
The Microscopic Imager is included on the Mars Exploration Rover Missions. 

 
 
 

MRO Instruments 
 
 

Murchie S.    Arvidson R.    Beisser K.    Bibring J.-P.    Bishop J.    Boldt J.    Bussey B.    Choo T.    Clancy R. T.    
Darlington E. H.    Des Marais D.    Fasold M.    Fort D.    Green R.    Guinness E.    Hayes J.    Heyler G.    
Humm D.    Lee R.    Lees J.    Lohr D.    Malaret E.    Morris R.    Mustard J.    Rhodes E.    Robinson M.    
Roush T.    Schaefer E.    Seagrave G.    Silverglate P.    Smith M.    Strohbehn K.    Thompson P.    Tossman B.  

CRISM:  Compact Reconnaissance Imaging Spectrometer for Mars on the Mars  
Reconnaissance Orbiter [#3062] 
The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on the Mars Reconnaissance Orbiter 
(MRO) will conduct a comprehensive series of investigations of the martian surface and atmosphere. 
 

Seu R.    Orosei R.    Biccari D.    Masdea A.  
The MRO Subsurface Sounding Shallow Radar (SHARAD) [#3079] 
SHARAD (SHAllow RADar) is a subsurface sounding radar provided by ASI as a Facility Instrument to 
NASA’s 2005 Mars Reconnaissance Orbiter (MRO). The primary objective of the SHARAD experiment is to 
map dielectric interfaces to several hundred meters depth in the Martian subsurface. 
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Eliason E. M.    Hansen C. J.    McEwen A.    Delamere W. A.    Bridges N.    Grant J.    Gulick V.    Herkenhoff H.    
Keszthelyi L.    Kirk R.    Mellon M.    Smith P.    Squyres S.    Thomas N.    Weitz C.  

Operation of MRO’s High Resolution Imaging Science Experiment (HiRISE):  Maximizing  
Science Participation [#3212] 
Science return from the Mars Reconnaissance Orbiter (MRO) High Resolution Imaging Science Experiment 
(HiRISE) will be optimized by maximizing science participation in the experiment. The philosophy of the team 
and the design of the ground data system are geared to enabling community involvement. 
 

McEwen A. S.    Hansen C.    Bridges N.    Delamere W. A.    Eliason E.    Grant J.    Gulick V.    Herkenhoff K.    
Keszthelyi L.    Kirk R.    Mellon M.    Smith P.    Squyres S.    Thomas N.    Weitz C.  

MRO’s High Resolution Imaging Science Experiment (HiRISE):  Science Expectations [#3217] 
HiRISE will image Mars at high spatial resolution (~30 cm/pixel) beginning in 2006, including stereo pairs and 
color images. This experiment will address a suite of issues that are key to the future exploration of Mars. 
 

Delemere A.    Becker I.    Bergstrom J.    Burkepile J.    Day J.    Dorn D.    Gallagher D.    Hamp C.    Lasco J.    
Meiers B.    Sievers A.    Streetman S.    Tarr S.    Tommeraasen M.    Volmer P.  

MRO High Resolution Imaging Science Experiment (HIRISE):  Instrument Development [#3287] 
The primary fuctional requirement of the HiRISE imager is to allow identification of both predicted and 
unknown features on the surface of Mars to a much finer resolution and contrast than previously possible. 
 

 
 

Beagle 2 Instruments 
 
 

Gibson E. K. Jr.   Pillinger C. T.    Wright I. P.    Morse A.    Stewart J.    Morgan G.    Praine I.    Leigh D.    
Sims M. R.    Pullan D.  

Beagle 2:  Seeking the Signatures of Life on Mars [#3005] 
ESA’s Beagle 2 lander will land on Mars to search for signatures of present and past life. A Gas Analysis 
Package (GAP) with a mass spectrometer, XRF, Mossbauer, stereo cameras, microscope, environmental 
sensors, rock corer/grinder, and a Mole attachment are on the lander. 
 

Thomas N.    Hviid S. F.    Keller H. U.    Markiewicz W. J.    Blümchen T.    Basilevsky A. T.    Smith P. H.    
Tanner R.    Oquest C.    Reynolds R.    Josset J.-L.    Beauvivre S.    Hofmann B.    Rüffer P.    Pillinger C. T.    
Sims M. R.    Pullan D.    Whitehead S.  

The Microscope for the Beagle 2 Lander on ESA’s Mars Express [#3015] 
The microscope for the Beagle 2 lander on Mars Express will provide 4 µm per pixel images of rock and soil 
samples. The instrument is described and test results are presented. 
 

Towner M. C.    Ringrose T. J.    Patel M. R.    Pullan D.    Sims M. R.    Haapanala S.    Harri A.-M.    Polkko J.    
Wilson C. F.    Zarnecki J. C.  

The Beagle 2 Environmental Sensors:  Intended Measurements and Scientific Goals [#3024] 
The Beagle 2 lander, due for arrival on Mars in December 2003, carries an Environmental Sensors Suite to 
monitor the local meteorology and carry out simple dust and oxidant measurements. The suite is described, and 
the scientific goals are discussed. 
 

Ng T. C.    Yung K. L.    Yu C. H.    Chan C. C.  
First Planetary Rock Coring in Our Solar System...ESA 2003 Beagle 2 Mars Lander [#3035] 
In 2003, ESA will send a Mars Lander Beagle 2 to search for life. There are three sampling tools onboard:  
1) Rock Corer - which is able to retrieve powdered samples. 2) Scoop - which is able to retrieve soil samples on 
the surface of Mars. 3) Mole - which is able to retrieve subsurface soil samples. 
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Richter L.    Gromov V. V.    Kochan H.    Kosacki K.    Tokano T.  
The Planetary Underground Tool (PLUTO) Experiment on the Beagle 2 Mars Lander [#3180] 
The present paper describes design, operations, and science objectives of the PLUTO Mole subsurface soil 
sampler of the Beagle 2 Mars lander, for subsurface soil sampling with the objective to look for organic 
molecules as well as water. 
 

 
 

Mars Express Instruments 
 
 

Safaeinili A.  
Can MARSIS Measure the Low-Altitude Components of the Mars Magnetic Field? [#3068] 
Measuring the magnetic field anomaly of Mars at low altitudes (e.g., 100–200 km) can be an interesting 
application of Mars Advance Radar for Subsurface and Ionospheric Sounder (MARSIS). This may be possible 
by taking advantage of the Faraday rotation in the MARSIS signal. 
 

Martin P. D.  
The ESA Mars Express Mission:  Spectral and Compositional Investigations [#3085] 
Among the main scientific goals of the Mars Express mission, surface investigations using high-resolution 
imaging and mineralogical detection and mapping will play an essential role in the study of the martian surface 
composition and evolution. 
 

Hauber E.    Neukum G.    Korteniemi J.    Roatsch Th.    Matz K.-D.    Jaumann R.    Pischel R.    Hoffmann H.    
HRSC Target Selection Team   

Target Selection and Image Planning for the High Resolution Stereo Camera (HRSC) on the ESA Mars Express 
Mission — and a Target Database for Mars Exploration [#3086] 
We describe the organization of a target list for the HRSC camera experiment on Mars Express (containing 
>1500 individual targets), the parameters specified for each target, and how the list will be used in operations 
planning. 
 

Hoekzema N. M.    Gwinner K.  
Optical Depth Retrievals from HRSC Stereo Images [#3153] 
The HRSC camera of the Mars Express orbiter will map Mars in stereo. Software has been developed to 
retrieve optical depths of the martian atmosphere from these stereo images. We present examples of retrievals 
from airborne HRSC images of the Alps. 
 

 
 
 

Strategies 
 
 

Singer S. F.  
Origin of Phobos and Deimos:  A New Capture Model [#3063] 
The origin of the martian moons has been a puzzle. Neither simple capture nor in situ formation seems likely. 
We suggest capture of a large Moon that broke up and spiraled into Mars due to tidal forces. Phobos and 
Deimos are its remants. We need samples of the moons. 
 

Marquez J. J.    Hilstad M. O.    Hines E. K.    Lamamy J. A.  
Trade Space Analysis of Mars Surface Explorers [#3152] 
A Mars rover modeling tool was developed to give mission planners the ability to design and compare rover 
architectures spanning a diverse trade space; this will help ensure that future missions are cost effective and 
scientifically rewarding. 
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Max M. D.    Clifford S. M.  
Methane Hydrate Exploration on Mars:  A Test Bed for Development of Strategies for  
Planetary Exploration [#3160] 
If a deep biosphere exists on Mars and other solar system bodies, methane hydrate, which concentrates methane 
and fresh water, will likely also exist. 
 

Gorevan S. P.    Myrick T. M.    Batting C.    Mukherjee S.    Bartlett P.    Wilson J.  
Strategies for Future Mars Exploration:  An Infrastructure for the Near and Longer-Term Future Exploration 
of the Subsurface of Mars [#3196] 
Honeybee Robotics is a leading NASA supported developer of subsurface exploration systems. An overview of 
the range of subsurface exploration approaches is offered as potential infrastructure that can assist in the design 
of future in-situ science and sample return missions to Mars. 
 

Clifford S. M.    George J. A.    Stoker C. R.    Briggs G.  
From Global Reconnaissance to Sample Return:  A Proposal for a Post-2009 Strategy to Follow the  
Water on Mars [#3269] 
We propose an integrated strategy for the post-2009 exploration of Mars that we believe provides the maximum 
possible science return by pursuing the most direct, cost-effective, and technically capable approach to 
“following the water”. 

 
 
 

Instrument Concepts 
 
 

Wang A.    Jolliff B. L.    Haskin L. A.  
Investigating Surface Mineralogy, Alteration Processes, and Biomarkers on Mars Using Laser  
Raman Spectroscopy [#3270] 
We report progress on the development of the Mars Microbeam Raman Spectrometer and planetary Raman 
spectroscopy approaches for Mars exploration. 
 

Banerdt W. B.    Lognonné P.  
An Autonomous Instrument Package for Providing “Pathfinder” Network Measurements on the  
Surface of Mars [#3221] 
An autonomous package could provide valuable information on seismicity and atmospheric processes, thus 
providing pathfinder information for a future long-lived network mission and comprising the first of a series of 
geophysical observatories on Mars. 
 

Lognonné P.    Banerdt W.  
Rationale for Seismic Measurements on Mars by a Single Station [#3225] 
We present here some of the scientific objectives which can be achieved by a single seismic station on Mars, 
equipped with a three-axis VBB seismometer and a three-axis Short Period Seismometer. 
 

Olhoeft G. R.  
Subsurface Exploration for Water on Mars [#3213] 
Water is involved in many geological and biological processes and has many unusual properties. The unique 
detection of water requires looking for a method that can characterize something unique about the existence or 
occurrence of water or of some process that is a result of the behavior of water. 
 

Grimm R. E.  
Comparison of Ground-Penetrating Radar and Low-Frequency Electromagnetic Sounding for Detection and 
Characterization of Groundwater on Mars [#3176] 
Radar detection of groundwater on Mars at depths of several kilometers will be limited by scattering, 
absorption, and small dielectric contrasts. Low-frequency EM methods can follow-up radar investigations for 
detailed subsurface characterization. 
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Bada J. L.    Zent A. P.    Grunthaner F. J.    Quinn R. C.    Navarro-Gonzalez R.    Gomez-Silva B.    McKay C. P.  
AstroBioLab:  A Mobile Biotic and Soil Analysis Laboratory [#3175] 
The AstroBioLab, which provides state-of-the-art organic compound detection and depth profiling of oxidation 
chemistry, measures and correlates the interplay of organic compounds, inorganic oxidants, UV irradiation and 
water abundance. 
 

Delory G. T.    Grimm R. E.  
The Design and Implementation of Instruments for Low-Frequency Electromagnetic Sounding of the  
Martian Subsurface [#3157] 
We describe the development and implementation of sensors under a NASA PIDDP for use in low-frequency 
electromagnetic (EM) soundings of the subsurface on Mars. Using this technique, liquid water may be 
identified at depths of up to 10 km. 
 

Banfield D.    Dissly R.    Toigo A. D.    Gierasch P. J.    Dagle W. R.    Schindel D.     
Hutchins D. A.    Khuri-Yakub B. T.  

Mars Acoustic Anemometer — Eddy Fluxes [#3144] 
We are developing an acoustic anemometer for Mars. These have high stability, efficiency, sensitivity, temporal 
resolution, and accuracy. They can resolve turbulent eddies, and thus measure eddy fluxes (e.g., water vapor 
flux with a hygrometer). 
 

Lawrence D. J.    Elphic R. C.    Feldman W. C.    Moore K. R.    Prettyman T. H.    Wiens R. C.  
In Situ Neutron Spectroscopy on the Martian Surface:  Modeling the HYDRA Instrument for Different  
Mission Scenarios [#3109] 
We summarize results of modeling work that demonstrates in situ neutron spectroscopy on the martian surface 
is feasible and can be successfully used to measure the hydrogen content of the martian surface for a wide 
variety of landed mission scenarios. 
 

Cremers D. A.    Wiens R. C.    Arp Z. A.    Harris R. D.    Maurice S.  
Development and Testing of Laser-induced Breakdown Spectroscopy for the Mars Rover Program:   
Elemental Analyses at Stand-Off Distances [#3107] 
Laser-induced breakdown spectroscopy is under development for use on Mars landers/rovers for the stand-off 
analysis of geological samples. Targeted samples include rocks, soils, ices, and ice/dust mixtures. Preliminary 
field tests with a compact LIBS instrument have been conducted. 
 

Schibler P.    Lognonné P.    Giardini D.    Banerdt B.    Karczewski J. F.    Mimoun D.    Zweifel P.    Pike T.    
Ammann J.    Anglade A.    Desautez A.    Gabsi T.    Gagnepain-Beyneix J.    Mance D.    Pont G.    Pot O.    
Striebig N.    Vacherat H.    Weber F.  

The SEIS Experiment :  A Mars Seismic Package [#3078] 
The determination of the deep internal structure of Mars will be the goal of the SEIS experiment, which 
integrates a very broad band two-axis seismometer, a three-axis short period seismometer, and a series of 
environmental sensors for pressure, infrasounds, and temperature. 
 

Elphic R. C.    Lawrence D. J.    Feldman W. C.    Wiens R. C.    Tokar R. L.    Moore K. R.     
Prettyman T. H.    Funsten H. O.  

Detecting Near-Surface Water and Hydrate Minerals on Mars from a Rover, Penetrator, or Borehole:   
The HYDRA Instrument [#3057] 
HYDRA is a lightweight, simple neutron-spectrometer-based water and hydrate sensor being developed for 
flight. It can be used on a rover for broad area prospecting, or in a borehole application to obtain a stratigraphic 
profile of water content. 
 

Kereszturi A.  
“Breathing Soils” of Mars as Indicators of Subsurface Environment [#3038] 
Because of the periodic pressure changes in the atmosphere the subsurface gas phase contracts and expands 
periodically which causes gas currents and the possibility for deep subsurface analysis. 
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Ko S. M.    Ng T. C.    Yung K. L.    Yu C. H.    Chan C. C.  
Planetary Micro-End Effectors [#3043] 
The Micro-End Effectors (MEE) system, developed by the Hong Hong Polytechnic University, covers all 
aspects of planetary explorations. For more information, please visit http://www.hkmars.net. 
 

Stoker C. R.    Richter L.    Smith W. H.    Lemke L. G.    Hammer P.    Dalton J. B.    Glass B.    Zent A.  
The Mars Underground Mole (MUM):  A Subsurface Penetration Device with In Situ Infrared Reflectance and 
Raman Spectroscopic Sensing Capability [#3007] 
The Mars Underground Mole is an instrument that burrows underground and performs in situ sensing of 
hydrated minerals, clays, carbonates, sulfates, ice and organic compounds. It can also bring samples  
to the surface. 
 

Heggy E.    Paillou P.    Costard F.    Mangold N.    Clifford S.    Berthelier J. J.  
On the Determination of Local Sites for Shallow Ground Water Prospection Using Low Frequency Sounding 
Radars on Mars [#3012] 
Low frequency sounding radars should be able to probe the martian subsurface layers down to varying depths, 
depending on the geo-electrical properties of the sounded sites. We present in this work four frequency 
dependent geo-electrical models of the martian subsurface. 
 

Anttila M.    Ylikorpi T.  
Defining the Technical Requirements for Subsurface Mars Driller [#3020] 
This abstract will discuss about the methods used for defining the technical requirements for subsurface Mars 
drilling and sampling instruments, used in the upcoming Mars exploration missions. 
 

Blake D. F.    Sarrazin P.    Chipera S. J.    Bish D. L.    Vaniman D. T.    Bar-Cohen Y.    Sherrit S.    Collins S.    
Boyer B.    Bryson C.    King J.  

Definitive Mineralogical Analysis of Martian Rocks and Soil Using the CheMin XRD/XRF Instrument and the 
USDC Sampler [#3022] 
Evidence of past life, prebiotic chemistry or volatiles will require the identification of mineralogies that could 
have preserved these. The CheMin XRD/XRF instrument, to be proposed for Mars ’09 MSL mission, will 
perform definitive mineralogical analysis of Mars rocks and soil. 
 

Blair M. W.    Yukihara E. G.    Kalchgruber R.    McKeever S. W. S.  
In-Situ Dating on Mars:  Procedures and Characterization of Luminescence from a Martian Soil Simulant and 
Martian Meteorites [#3201] 
Future Mars missions will need in-situ absolute dating techniques. This research focuses on developing 
luminescence dating techniques for Mars exploration. 
 

 
 

Mission Concepts 
 
 

Smith P. H.  
The Phoenix Scout Mission [#3257] 
Phoenix offers the Scouts the first landed mission to the northern polar region. We land on the near-surface ice 
discovered by Odyssey, return descent, panoramic, and microscopic images and sample at depth with an arm to 
analyze the chemistry, geology, and biology of this potential habitable zone. 
 

Bérczi Sz.    Horváth A.    Illés E.  
Comparison of the Cracking and Fracturing Systems of Phobos and Europa [#3198] 
We compare the models suggested to the origin of surface cracking and fracture systems of Phobos and Europa. 
On the basis of these models we propose imaging observations of Phobos to select between the layered or tidal 
fractured models. 
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Levine J. S.    Summers M. E.  
Non-Equilibrium Thermodynamic Chemistry and the Composition of the Atmosphere of Mars [#3055] 
Equilibrium thermodynamic chemical calculations indicate that certain gases should not be present at detectable 
levels in the atmosphere of Mars in the absence of non-equilibrium thermodynamic chemical production, i.e., 
microbial metabolic activity. 
 

Chamitoff G. E.    James G. H.    Barker D. C.    Dershowitz A. L.  
Mars Mission Optimization Based on Collocation of Resources [#3054] 
A powerful approach for analyzing martian data and optimizing mission site selection is presented. Landing site 
optimization involves maximizing accessibility to collocated science and resource features within a given 
mission radius subject to mission constraints. 
 

Brinckerhoff W. B.    Mahaffy P. R.    Cabane M.    Atreya S. K.    Coll P.    Cornish T. J.    Harpold D. N.    
Israel G.    Niemann H. B.    Owen T.    Raulin F.  

Sample Analysis at Mars [#3030] 
Advanced techniques to carry out Sample Analysis at Mars (SAM) and reveal the nature of present or ancient 
biotic or prebiotic processes are described. The focus is the search for the location and nature of organic 
molecules and their chemical context in rock, ice, and atmospheric samples. 
 

Houben H.  
Towards a Martian Weather Service [#3074] 
It may be possible to perform meteorological data assimilation onboard spacecraft in the near future, resulting 
in significant compression of the observational data and greatly enhanced prospects for airborne operations in 
the martian environment. 
 

 
 

Education/Public Outreach and Other 
 
 

Scott D. M.  
From Montana to Mars:  Using the Journals of Lewis and Clark to Teach Exploration Science  
for Mars [#3033] 
This paper will present a curriculum for teaching Mars Exploration Science using the Lewis and Clark 
Expedition as an analogue. 
 

Gulick V. C.    McEwen A.    Delamere W. A.    Eliason E.    Grant J.    Hansen C. J.    Herkenhoff K.    
Keszthelyi L.    Kirk R.    Mellon M.    Smith P.    Squyres S.    Thomas N.    Weitz C.  

MRO’s High Resolution Imaging Science Experiment (HiRISE):  Education and Public Outreach Plans [#3260] 
The MRO HiRISE team plans an innovative and aggressive E/PO effort to complement the camera’s unique 
high-resolution capabilities. Key components are traditional E/PO activities, a strong Web presence, and 
participation in image targeting and science analysis. 
 
 

6:30 p.m. Barbecue    Dabney Garden 
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Wednesday, July 23, 2003 
ATMOSPHERIC DYNAMICS AND REPEATABILITY 

8:30 a.m.   Beckman Auditorium 
 

Chairs: R. W. Zurek 
 M. D. Smith 
 
8:30–9:00 a.m. Smith M. D. * 

  TES Limb-Geometry Observations of Aerosols [#3174] 
  We present the retrieval of the optical depth and vertical distribution of dust, water ice, and  
  water vapor from TES limb observations. Limb observations give pole-to-pole coverage,  
  diurnal (day to night) variations, and constrain the vertical distributions of aerosols and  
  water vapor. 
 

  Smith M. D. *   Bandfield J. L.    Christensen P. R.    Richardson M. I.  
  THEMIS Observations of Atmospheric Aerosol Optical Depth [#3168] 
  We present results from the retrieval of atmospheric dust and water-ice optical depth from  
  THEMIS infrared images. Data from THEMIS complements the concurrent MGS TES data  
  by offering a later local time and much higher spatial resolution. 
 

9:00–9:20 a.m. Cantor B. A. * 
  MGS-MOC Observations of Martian Dust Storm Activity [#3166] 
  MOC has observed that dust events follow general seasonal cycles that are reproducible  
  from one year to the next and that global dust events do not signify climatic changes, but are  
  only short-term perturbations to the interannual repeatable dust and condensate cloud  
  cycles of Mars. 
 

9:20–9:40 a.m. Barnes J. R. * 
  Mars Weather Systems and Maps:  FFSM Analyses of MGS TES Temperature Data [#3127] 
  Weather systems are a highly dynamic aspect of the martian atmosphere. Fast Fourier  
  Synoptic Mapping analyses of the MGS TES data show that the variability due to these  
  systems differs greatly between the northern and southern hemispheres, with season,  
  and interannually. 
 

9:40–10:00 a.m. McConnochie T. H. *   Conrath B. J.    Gierasch P. J.    Banfield D.    Smith M. D.  
  Observations of the Mars Polar Vortex [#3248] 
  We report on the structure and variability of the Mars polar vortex as observed by MGS-TES.  
  We present daily time series maps of Ertel potential vorticity and PCA analyses of polar 
  atmospheric temperatures. 
 
 

10:00–10:20 a.m. Break 
 

 
10:20–10:40 a.m. Rafkin S. C. R. * 

  The Effect of Convective Adjustment on the Global Circulation of Mars as Simulated by a  
  General Circulation Model [#3059] 
  The validity of convective adjustment and its effect on climate statistics generated by a Mars  
  Global Circulation Model are evaluated. 
 

10:40–11:00 a.m. Bougher S. W. *   Engel S.    Hinson D. P.    Murphy J. R.  
 Mars Global Surveyor Radio Science Electron Density Profiles:  Interannual Variability 
 and Implications for the Neutral Atmosphere [#3266] 

  The Mars Global Surveyor (MGS) Radio Science (RS) experiment allows retrieval of electron  
  density profiles. The present analysis is carried out on five sets of occultation measurements 
  to examine interannual variability of the height of the F1-peak. 
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Wednesday, July 23, 2003 
POSTER SESSION II:  EARLY MARS, EARLY WATER, STRATIFIED DEPOSITS,  

VOLCANISM, AND SURFACE MATERIALS 
11:00 a.m.–1:30 p.m.  Dabney Garden 

 
 

Early Mars 
 
Schneck T. S.  

Mars Noachian [#3006] 
Solar physics models have suggested that short term solar outputs cause variations in solar luminosity. The 
magnetic dichroism or spin polarized light in iron , magnetite(Fe3O4), formed anerobically with the loss of 
carbon dioxide and oxidised in a redox reaction of iron. 
 

Arkani-Hamed J.    Boutin D.  
Polar Wander of Mars:  Evidence from Magnetic Anomalies [#3051] 
The pole positions determined from 16 magnetic anomalies indicate that the dipole core field axis was at 25 N. 
If the dipole core field coincided with the rotation axis of Mars at the time of magnetization the pole positions 
suggest that the axis of rotation of Mars has wandered by 65°. 
 

Foley C. N.    Wadhwa M.    Janney P. E.  
Tungsten Isotopic Compositions of the SNC Meteorites:  Further Implications for Early Differentiation  
History of Mars [#3163] 
Analyses of the W isotopic composition of a number of SNC meteorites are reported here. Results imply that 
the core of Mars formed within the first 13 m.y. of the birth of the solar system. 
 

Johnson C. L.    Phillips R. J.  
The Tharsis Region of Mars:  New Insights from Magnetic Field Observations [#3065] 
We focus on new constraints for the thermal evolution of the Tharsis region, provided by MGS magnetic  
field observations. 
 

Brandenburg J. E.  
Mars as the Parent Body for the CI Carbonaceous Chondrites:  Confirmation of Early Mars Biology [#3226] 
Mounting evidence suggests that CI Carbonaceaous Chondrites belong in the Mars meteorite family. They thus 
represent samples, like ALH84001, of the Noachian surface environment, and are rich in organic matter, 
suggesting a living environment. 
 

Cho J. Y-K.    Stewart S. T.  
Global Dispersion of Dust Following Impact Cratering Events on Mars [#3232] 
Using a shallow-water atmospheric dynamics model, we investigate the global dispersion of dust injected into 
the stratosphere following large impacts to study the spreading rates, dispersal extent, and the potential for 
climatic effects. 
 

Smrekar S. E.    Raymond C. A.    Dimitiou A.    McGill G. E.  
Constraints on the Evolution of the Dichotomy Boundary at 50–90E [#3264] 
Modeling of the gravity and magnetic data indicates that a thin layer of magnetized material occurs at or near 
the surface. Both the dichotomy boundary scarp and a buried fault marking a possible downdropped block have 
modified the magnetic field. 
 

Williams J.- P.    Nimmo F.  
Potassium in the Martian Core:  Implications for an Early Dynamo [#3279] 
The radioactive decay of 40K provides an extra source of energy to power an early dynamo; its short half-life 
(1.25 G.y.) ensures that the dynamo will stop early in the planet’s history. 
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Early Water 
 
 

Ghatan G. J.    Head J. W.  
South Circumpolar Ice Sheet on Mars:  Regional Drainage of Meltwater Beneath the Hesperian-aged Dorsa 
Argentea Formation [#3034] 
We examine the head regions of two of the five drainage channels that lead away from the Dorsa Argentea 
Formation. We find evidence for basal drainage of meltwater beneath the DAF, and drainage of this water away 
from the area along the external channels. 
 

Ansan V.    Mangold N.  
Warrego Valles Revisited Using MGS and Odyssey Data:  Valleys Formed by Precipitations? [#3045] 
New THEMIS data show that Warrego Vallis consists of a more developed network than seen by Viking 
images. Slopes and geometry of valleys favor their formation by runoff due to precipitation. 
 

Coleman N. M.    Dinwiddie C. L.    Casteel K.  
High Channels on Mars Indicate Hesperian Recharge at Low Latitudes [#3071] 
We identify two Hesperian outflow channels that issued from a 750-km-long fault zone west of Ganges 
Chasma. One channel stands at ~2600 m, too high to be explained by discharge from a global aquifer. Recharge 
from Tharsis was required. 
 

Ogawa Y.    Yamagishi Y.    Kurita K.  
Melting of the Martian Permafrost by Hydrothermal Convection Associated with Magmatic Intrusion [#3095] 
We quantitatively assessed the effect of thermal convection on enhancing and focusing heat transfer in melting 
of the permafrost. The substantial amount of meltwater could exist close to the surface, which should affect the 
hydrothermal systems. 
 

Stepinski T. F.    Collier M. L.  
Drainage Densities of Computationally Extracted Martian Drainage Basins [#3100] 
Drainage densities of 0.06–0.11 km-1 are calculated for martian drainage basins computationally extracted from 
the dissected Noachian surfaces. These findings are inconsistent with the origin of martian valley networks by 
means of surface runoff. 
 

Webb V. E.    McGill G. E.  
Evaluating Putative Shoreline Adjacent to the Dichotomy Boundary near Arabia Terra [#3108] 
Here, we provide support for a shoreline interpretation of the Arabia and Deuteronilus trends contiguous to 
northern Arabia Terra. Shoreline recognition strengthens the validity of the past presence of a global ocean 
within the lowlands. 
 

Woodworth-Lynas C.    Guigné J. Y.  
Ice Keel Scour Marks on Mars:  Evidence for Floating and Grounding Ice Floes in Kasei Valles [#3128] 
We present new observations from analyses of MOC images of surficial trough-like features features made by 
floating ice masses on submerged sediment. These ice keel scour marks are present in large reaches of the Kasei 
Valles system. 
 

Niles P. B.    Leshin L. A.    Guan Y.  
The Nature of the Martian Aqueous Environments Recorded by ALH84001 Carbonates [#3140] 
New ion microprobe carbon isotopic data are used to further constrain the formation conditions of the 
ALH84001 carbonates. In view of these data, three possible aqueous environments for early Mars are proposed. 
 

Painter S. L.  
MarsFlo:  A General Tool for Simulating Hydrological Processes in the Subsurface of Mars [#3161] 
A three-phase, two-component computer code (MarsFlo) is being developed as a general tool for  
simulating hydrological processes in the subsurface of Mars. Theory, implementation, and initial  
applications are described. 
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Stockstill K. R.    Baldridge A.    Ruff S.    Moersch J.    Farmer J.  
Global Search for Evaporite Deposits in Putative Paleolake Basins on Mars Using TES Data [#3183] 
An intensive, detailed examination of 45 putative paleolake basins using TES emissivity data at 3 × 6 km/pixel 
resolution has not turned up any evidence for evaporate deposits. 
 

Salamuniccar G.  
From Topography Profile Diagrams to the Evolution of Oceanus Borealis:  Proposal of a Strategy that may 
Result in the Formal Proof of Martian Ocean Recession, Timing and Probability [#3187] 
A mathematical theory of stochastic processes based strategy using recently published topography profile 
diagrams was proposed that may result in the formal proof of martian ocean recession, timing and probability. 
 

Leovy C. B.    Armstrong J. C.  
Wind and Water at the Surface of Mars [#3200] 
We review and interpret evidence that wind has played a larger role and water has played a smaller role in the 
evolution of the surface than is widely assumed and argue that Mars has been cold and dry with only modest 
amounts of water near the surface since the early Noachian. 
 

Crumpler L. S.  
Physical Characteristics, Geologic Setting, and Possible Formation Processes of Spring Deposits on Mars 
Based on Terrestrial Analogs [#3228] 
Spring deposits are predicted as a result of former aquifers on Mars. This study examines the large-scale 
morphology and their physical processes of formation, growth, and evolution in terms that relate to the search 
for former aqueous environments on Mars. 
 

Newsom H. E.    Barber C. A.    Schelble R. T.    Hare T. M.    Feldman W. C.    Sutherland V.     
Livingston A.    Lewis K.  

Fluvial and Lacustrine Processes in Meridiani Planum and the Origin of the Hematite by  
Aqueous Alteration [#3233] 
The presence of fluvial channels and lacustrine basins in close proximity to the hematite deposits at Meridiani 
Planum supports an origin for the hematite due to the presence of liquid water. 
 

Segura T. L.    Toon O. B.    Colaprete A.  
Time-dependent Calculations of an Impact-triggered Runaway Greenhouse Atmosphere on Mars [#3247] 
Large impacts on early Mars produced warm temperatures and deep global water layers from melting and 
precipitation. Given a sufficiently rapid supply of this water to the atmosphere it will initiate a temporary 
“runaway” greenhouse state, significantly extending the warming period. 

 
 
 

Nature and Origin of Stratified Deposits 
 

 
Buczkowski D. L.    McGill G. E.  

Utopia Planitia:  Observations and Models Favoring Thick Water-deposited Sediments [#3031] 
Early Hesperian and older surfaces beneath Utopia Planitia are buried by as much as 2–3 km of Late Hesperian 
cover. Evidence of various types and scales, and modeling of polygonal terrain structures, supports deposition 
of this cover from water. 
 

Fallacaro A.    Calvin W.  
Spectral and Chemical Characteristics of Lake Superior Banded Iron Formation:  Analog for Martian  
Hematite Outcrops [#3067] 
Lake Superior BIF is an ancient terrestrial deposit serving as an analog to the martian hematite sites. Samples of 
the oxide, carbonate, and silicate facies of Lake Superior BIF have been measured for their VNIR/SWIR 
reflectance and TIR emittance. 
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Irwin R. P. III   Watters T. R.    Howard A. D.    Maxwell T. A.    Zimbelman J. R.  
Origin of Aeolis Mensae, Mars, Fretted Terrain in a Thick Sedimentary Deposit [#3092] 
The boulder-free slopes, lack of surface flow paths, abrupt steepening of valley longitudinal profiles, and 
layered stratigraphy suggest that Aeolis Mensae fretted terrain formed primarily by aeolian erosion and mass 
wasting of a sedimentary deposit. 
 

Tanaka K. L.    Skinner J. A. Jr. 
Mars:  Updating Geologic Mapping Approaches and the Formal Stratigraphic Scheme [#3129] 
We review mapping and stratigraphic approaches used for Mars, identifying shortcomings and  
recommending improvements. We envision significant advancements in the state of knowledge of the  
geologic evolution of Mars. 
 

Noe Dobrea E. Z.    Bell J. F. III   Wolff M. J.    Snook K. J.  
MGS/TES-Odyssey/THEMIS-IR Analysis of Localized Low Albedo Regions in Valles Marineris [#3179] 
We are are using the MGS/TES and Mars Odyssey THEMIS-IR complementary datasets to conduct a 
systematic analysis of small (tens of kilometers), localized regions in Valles Marineris that display significant 
albedo differences relative to their surroundings. Findings will be discussed. 
 

Howard A. D.    Moore J. M.  
The Curious Shorelines of Gorgonum Chaos [#3190] 
Level, bench-like platforms in the interior of the Gorgonum Chaos basin appear to be shorelines associated with 
an ancient lake by outward growth in a quiescent environment, possibly in ice-covered bodies of water and 
possibly, in part, as chemical precipitates. 
 

Anderson F. S.    Hamilton V. E.    Christensen P. R.  
Mineralogy of the Valles Marineris from TES and THEMIS [#3280] 
This study uses Mars Global Surveyor Thermal Emission Spectrometer and 2001 Mars Odyssey Thermal 
Emission Imaging Systemdata to examine the mineralogy of the wall and floor deposits of the Valles Marineris, 
where exposed. 
 

 
 

Role of Volcanism — A Reassessment 
 
 

Mouginis-Mark P. J.  
New Observations of the Diversity of Eruption Styles Along the SW Rift Zone of Arsia Mons, Mars [#3001] 
THEMIS, MOC and MOLA data of Arsia Mons volcano are used to investigate lava shields within the summit 
caldera, kilometer-scale pit craters on the upper flanks, and the characteristics of an entire lava flow and rille 
from vent to distal end. 
 

Nekvasil H.    Filiberto J.    Whitaker M.    Lindsley D. H.  
Magmas Parental to the Chassigny Meteorite:  New Considerations [#3041] 
Crystal fractionation experiments on mildly alkalic hawaiite at depths corresponding to roughly 70 km on Mars 
yield mineral assemblages markedly similar to those of the cumulate and polyphase melt inclusions of the 
Chassigny meteorite. 
 

Hauber E.    Kronberg P.  
The Large Thaumasia Graben, Mars — Is It a Rift? [#3081] 
We describe the morphology of a large and complex extensional structure in the western Thaumasia region (the 
“Thaumasia graben”). We consider possible fault geometries, determine extension, and discuss the case for or 
against rifting. 
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Zent A. P.  
H2O-Silicate Microphysics in Ascending Volcanic Plumes on Mars [#3136] 
Physical adsorption of water vapor plays a much more significant role in eruptive plume energetics on Mars 
than on Earth. Release of latent heat of condensation and the onset of moist convection are diminished, delayed, 
or even prevented by adsorptive interaction. 
 

Kiefer W. S.  
Gravity Evidence for Extinct Magma Chamber Systems on Mars [#3252] 
MGS gravity data requires the presence of dense, cumulate minerals in extinct magma chambers beneath Syrtis 
Major, Tyrrhena Patera, Hadriaca Patera, and possibly Amphitrites Patera. These observations provide our first 
look at the magmatic plumbing system on Mars. 
 
 
 

Nature of the Surface Materials 
 

 
Bishop J. L.    Drief A.    Dyar M. D.  

Physical Alteration of Martian Dust Grains, Its Influence on Detection of Clays and Identification of Aqueous 
Processes on Mars [#3008] 
This study involves detailed characterization of changes in clay mineral grains resulting from grinding and 
assesses the influence of physical processes on clays and how to detect them on Mars. Clays may provide links 
to aqueous processes on Mars. 
 

Bishop J. L.    Schiffman P.    Southard R. J.    Drief A.    Verosub K. L.  
Constraints on Martian Surface Material from a Study of Volcanic Alteration in Iceland and Hawaii [#3009] 
Volcanic alteration is studied on Hawaii and Iceland in order to provide information about alteration of volcanic 
material on Mars. Palagonitic, pedogenic and solfataric alteration products include differences in mineralogy 
and chemistry. 
 

Murchie S.    Barnouin-Jha O.    Barnouin-Jha K.    Bishop J.    Johnson J.    McSween H.    Morris R.  
New Insights into the Geology of the Mars Pathfinder Landing Site from Spectral and Morphologic Analysis of 
the 12-Color Superpan Panorama [#3060] 
The Pathfinder landing site contains a second lithology in addition to gray rock, consistent with highlands 
excavated from beneath a veneer of northern plains. Many rocks have cemented coatings that formed during an 
early, probably wetter climate. 
 

Becker K.    Johnson J. R.    Gaddis L.  
ISIS Processing Tools for Thermal Emission Spectrometer Data [#3097] 
Additions to the USGS ISIS package provide useful tools for extracting and projecting TES data (particularly 
mosaics) for use with other ISIS programs to process and visualize these data in geometric projections 
compatible with other Mars data sets. 
 

Poulet F.    Erard S.  
The Composition of Martian Low Albedo Regions Revisited [#3110] 
The ISM data are processed using new calibration method and taking in account geomorphologic charateristics 
of low albedo regions using MOC and THEMIS data. Results show alternative compositions to pure basaltic 
material proposed by TES in Syrtis Major. 
 

Wagstaff K.    Bell J. F. III 
Automated Analysis of Mars Multispectral Observations [#3120] 
Automated data analysis can quickly identify trends and focus attention on interesting subsets of large data sets. 
In experiments on two Mars data sets, we find that the data clustering results are largely consistent with manual 
analysis results. 
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Johnson J. R.    Grundy W. M.  
Two-Layer Visible/Near-Infrared Radiative Transfer Modeling Using Bloomsburg University Goniometer 
(BUG) Observations of Dust-coated Rocks [#3150] 
Visible/near-infrared observations of SP basalt coated with varying amounts of JSC-1 palagonite acquired under 
various incidence, emission, and azimuth geometries are being modeled using a two-layer Hapke algorithm. 
 

Stopar J. D.    Taylor G. J.    Hamilton V. E.    Browning L.    Pickett D.  
Maximum Rates of Olivine Dissolution on Mars [#3151] 
We constrain the residence time of olivine in contact with water using rate equations for olivine dissolution. By 
calculating the minimum times until complete dissolution, we can place limits on the longevity and extent of 
aqueous alteration on the surface of Mars. 
 

Tosca N. J.    McLennan S. M.    Lindsley D. H.    Schoonen M. A. A.  
Low-Temperature Aqueous Alteration on Mars:  Insights from the Laboratory [#3178] 
Recent results of aqueous alteration experiments with synthetic basaltic material will be evaluated and their 
relevance to the martian surface will be discussed. 
 

Glotch T. D.    Morris R. V.    Sharp T. G.    Christensen P. R.  
Fine-grained Goethite as a Precursor for Martian Gray Hematite [#3188] 
Detailed comparison of the TES hematite spectrum and laboratory spectra indicate that thermal oxidation of 
magnetite is not a likely process for the formation of the martian hematite regions. Instead, a process involving 
low temperature dehydroxylation of goethite is proposed. 
 

Hansen G. B.  
Infrared Optical Constants of Martian Dust Derived from Martian Spectra [#3194] 
Optical constants for martian dust have been extracted from Mariner 9 IRIS spectra to study sensitivity to 
particle opacity and size distribution. Now, a large number of IRIS spectra over dusty areas is being analyzed 
using full surface emissivity, in search of variations in the dust properties. 
 

McAdam A. C.    Leshin L. A.    Harvey R. P.  
Characterization of the Weathering Products of Antarctic Martian Meteorite Analog Materials and 
Implications for the Formation of Martian Surface Fines [#3203] 
We performed preliminary characterization of the mineralogical and spectral properties of fines produced from 
an Antarctic martian meteorite analog material, to gain insight into potential martian surface weathering 
processes in advance of returned samples. 
 

Herkenhoff K. E.    Johnson J. R.    Weller L. A.  
The Imager for Mars Pathfinder Insurance Pan [#3224] 
The losslessly-compressed IMP Insurance Pan, taken in four filters before mast deploy on Sol 2, has been 
processed to high-fidelity multispectral mosaics. 
 

Thomson B. J.    Schultz P. H.  
Carbonates on Mars:  Probably Occurrences, Spectral Signatures, and Exploration Strategies [#3229] 
We propose that the evolution of carbonates in Martian dust may be similar to the evolution of carbonates in 
Argentine loess deposits. Post-depositional modification of the loess can result in the reprecipitation of 
carbonate as concretions and as layers of calcrete in the subsurface. 
 

Hurowitz J. A.    McLennan S. M.    Lindsley D. H.    Schoonen M. A. A.  
The Hydrothermal Soil Formation Mechanism:  Relevant Conditions and Implications of  
Experimental Results [#3234] 
Hydrothermal conditions relevant to the martian soil formation mechanism are reviewed, and results of 
experimentation under such conditions discussed. 
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Bridges N. T.    Laity J. E.    Greeley R.    Phoreman J. Jr.   Eddlemon E. E.  
Studies of Rock Abrasion on Earth and Mars [#3235] 
We report on wind tunnel and field studies of aeolian abrasion with application to Mars. It is shown that 
roughness and rock shape exert important control on the rate of abrasion on both planets, with Martian abrasion 
rates 2–3× higher than on Earth. 
 

Bell J. F. III   McConnochie T.    Savransky D.    Stiglitz B.    Wolff M. J.    Christensen P. R.    Mehall G.    
James P. B.    Malin M.    Caplinger M.    Ravine M.    Cherednik L. L.    Bender K. C.    Murray K.    
THEMIS Science Team   

High Spatial Resolution Visible Color Units on Mars from the Mars Odyssey THEMIS/VIS Instrument [#3238] 
This presentation describes the calibration and new results from the Mars Odyssey THEMIS/VIS instrument, 
which is obtaining five-color visible wavelength images from Mars orbit at scales of 18–72 m/pixel. 
 

Hamilton V. E.  
Constraints on the Composition & Particle Size of High Albedo Regions on Mars [#3239] 
We place constraints on the composition and effective mean particle size of fine particulate mineralogies on the 
martian surface via comparisons with laboratory analogue samples. 
 

Wrobel K. E.    Schultz P. H.  
Accumulation of Distal Impact Ejecta on Mars Since the Hesperian [#3242] 
Cumulative deposits of glass-rich distal ejecta from a series of Hesperian-aged (and younger) craters could 
supply a plausible source for an ejecta-based origin of the enigmatic dark materials found on Mars. 
 

Catling D. C.    Moore J. M.  
A Case for Hydrothermal Gray Hematite in Aram Chaos [#3245] 
Mars Global Surveyor data suggests that high concentrations of hematite were formed in planar strata in Aram 
Chaos and have since been exposed by erosion of an overlying light-toned, caprock. Geochemical and 
geomorphological inferences suggest a hydrothermal formation. 
 

Minitti M. E.    Hamilton V. E.    Wyatt M. B.  
Investigating the Role of Glass in Martian Spectra [#3246] 
We have investigated the compositions and spectral properties of glasses relevant to interstitial melts in mafic 
martian lithologies in an effort to expand the range of glasses available to interpret martian remote sensing data. 
 
 

Noon–1:30 p.m. Lunch 
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Wednesday, July 23, 2003 
WATER, CARBON DIOXIDE, AND DUST CYCLES 

1:30 p.m.   Beckman Auditorium 
 

Chairs: D. J. McCleese 
 J. C. Armstrong 
 
1:30–1:50 p.m. Hinson D. P. * 

  Radio Occultation Measurements of Pressure Variations on Mars [#3032] 
  MGS radio occultation experiments provide a unique measure of pressure variations within  
  the lower atmosphere on time scales from diurnal to interannual, yielding an accurate record 
  of seasonal variations spanning several martian years. 
 

1:50–2:10 p.m. Clancy R. T. *   Wolff M. J.    Whitney B. A.    Cantor B. A.  
  Vertical Distributions of Dust Optical Depth During the 2001 Planet Encircling Storm from a 
  Spherical Radiative Transfer Analysis of MOC Limb Images [#3205] 
  The vertical distribution of dust during the 2001 planet encircling dust storm is derived by 
  spherical RT analysis of MOC and TES limb radiances. 
 

2:10–2:30 p.m. Tamppari L. K. *   Smith M. D.    Hale A. S.    Bass D. S.  
  Water Cycling in the North Polar Region of Mars [#3121] 
  Water cycling in the north polar region of Mars is addressed through examination of water 
  vapor, water-ice clouds and potentially associated dust and surface temperature changes. 
 

2:30–2:50 p.m. Hale A. S. *   Tamppari L. K.    Christensen P. R.    Smith M. D.    Bass D.    Pearl J. C.  
  Water Ice Clouds in the Martian Atmosphere:  A Comparison of Two Methods  
  and Eras [#3171] 
  We examine water ice clouds in the martian atmosphere using the MGS TES data set and two  
  different methods. Results are presented, along with a comparison to similar analyses using 
  the Viking IRTM dataset. 
 

2:50–3:10 p.m. Benson J. L. *   Bonev B. P.    James P. B.    Shan K. J.    Cantor B. A.    Caplinger M. A.  
  The Seasonal Behavior of Water Ice Clouds in the Tharsis and Valles Marineris Regions of 
  Mars:  Mars Orbiter Camera Observations [#3147] 
  Using MOC data, cloud area was measured daily for water ice clouds associated with 
  Olympus, Ascraeus, Pavonis and Arsia Mons, Alba Patera, and Valles Marineris. Altitudes 
  and optical depths of several of these clouds have been determined. 
 

 
3:10–3:20 p.m. Break 
 

 
3:20–3:40 p.m. Montmessin F. *   Forget F.    Haberle R. M.    Rannou P.    Cabane M.  

  Water-Ice Clouds in the LMDs Martian General Circulation Model [#3117] 
  In this paper, we discuss the considerable role of clouds as a mobile reservoir for water and 
  thus in the water cycle. We give this effect a quantitative assessment through a comparison 
  of two cloud schemes, which respective results will be compared to observational data. 
 

3:40–4:00 p.m. James P. B. *   Benson J. L.    Cantor B. A.  
  Seasonal Variation of Martian Polar Caps:  1999 and 2001 MOC Data [#3093] 
  MOC observations of the martian polar caps encompass one martian year that included a  
  major planet-encircling dust storm and one that did not. Data from the two years will be 
  compared to investigate the effects of dust on the CO2 cycle. 
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4:00–4:20 p.m. Litvak M. L. *   Mitrofanov I. G.    Kozyrev A. S.    Sanin A. B.    Tretyakov V.     
  Smith D. E.    Zuber M. T.    Boynton W. V.    Hamara D. K.    Shinohara C.     
  Saunders R. S.    Drake D.  

  4-D Model of CO2 Deposition at North and South of Mars from HEND/Odyssey  
  and MOLA/MGS [#3040] 
  Seasonal variations of neutrons detected by HEND/Odyssey are corresponded to variations  
  of linear thickness of CO2 measured by MOLA/MGS. HEND data for February 02 – June 30  
  are used to build up 4-D model of CO2 deposition behavior at north and south over a  
  martian year. 
 

4:20–4:40 p.m. Karatekin Ö. *   Dehant V.    de viron O.  
  Martian Global-scale Seasonal CO2 Change:  Comparison of Geodetic Observations and  
  Numerical Simulations [#3172] 
  The signature of martian global-scale CO2 annual cycle can be found in the variation of  
  gravitational field. This information is used to estimate the seasonal polar mass and global 
  scale atmospheric pressure variations. The results are compared with GCM simulations. 
 

4:00–5:00 p.m. Mischna M. A. *   McCleese D. J.    Richardson M. I.    Vasavada A. R.    Wilson R. J.  
  Volatile Cycling and Layering on Mars:  Observations, Theory and Modeling [#3145] 
  Based on theoretical models, spacecraft observations, and new climate modeling of Mars’  
  orbital cycles, we conclude that surface ice deposits form as subaerial ice sheets, the result of 
  atmospheric saturation and direct surface deposition. 
 

5:00–5:20 p.m. Armstrong J. C. *   Leovy C. B.    Quinn T. R.    Haberle R. M.    Schaeffer J.  
  A One Billion Year Martian Climate Model — The Importance of Seasonally Resolved Polar 
  Caps and the Role of Wind [#3064] 
  We use a long-term, one-dimensional energy balance model to explore the role seasonally 
  resolved polar caps have on the distribution of CO2 in the atmosphere-regolith-cap system, 
  and the evolution of the atmospheric pressure in particular. 
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Wednesday, July 23, 2003 
PUBLIC LECTURE 

8:00 p.m.   Beckman Auditorium 
 
 

Malin M.C.   Christensen P.R. 
 Picture Gallery of Mars – Every Picture Tells A Story 
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Thursday, July 24, 2003 
PHOTOCHEMISTRY AND MAGNETOSPHERES 

8:30 a.m.   Beckman Auditorium 
 

Chairs: D. A. Brain 
 N. F. Ness 
 
8:30–9:00 a.m. Krasnopolsky V. A. * 

  Spectroscopy of Mars Atmosphere from Orbiting and Ground-based Observatories:  Recent 
  Results and Implications for Evolution [#3003] 
  This is a review of the ground-based and Earth-orbiting studies of Mars atmosphere in the last 
  decade that resulted in the detections of HDO, D, H2, He, and detailed mapping of O3, 
  O2 , and CO. These studies provide new insights on the history of volatiles and climate 
  on Mars. 
 

  Krasnopolsky V. A. * 
  Mars Photochemistry:  Weak Points and Search for Solutions [#3002] 
  There is an increasing disagreement between the latest photochemical models for Mars 
  atmosphere and the recent experimental data. All these discrepancies may be removed by 
  heterogeneous chemistry of odd hydrogen radicals on ice and ice-covered aerosol particles. 
 

9:00–9:20 a.m. Lefèvre F. *   Lebonnois S.    Forget F.  
  A Three-Dimensional Photochemical-Transport Model of the Martian Atmosphere [#3114] 
  This paper presents preliminary results of the first three dimensional simulations of the 
  martian photochemistry, using the LMD-GCM. We will discuss ozone and hydrogen 
  peroxyde cycles, and compare them with available observational data. 
 

9:20–9:40 a.m. Mumma M. J. *   Novak R. E.    DiSanti M. A.    Bonev B.     
  Dello Russo N.    Magee Sauer K.  

  Seasonal Mapping of HDO and H2O in the Martian Atmosphere [#3186] 
  We report investigations of HDO and H2O on Mars using CSHELL at the NASA IRTF, on  
  dates that span an entire Mars year. The results provide robust measurements for the D/H ratio 
  on Mars, and its variation with latitude and season. 
 

9:40–10:00 a.m. Ness N. F. *   Krymskii A. M.    Crider D. H.    Breus T. K.    Acuna M. H.    Hinson D.    
  Dello Russo N.    Magee Barashyan K. K.  

  Characteristics of Mini-Magnetospheres Formed by Paleo-Magnetic Fields of Mars [#3119] 
  Intensely, non-uniformly magnetized crustal sources generate an effective large-scale 
  magnetic field. Southern hemisphere fields are strong forming large-scale mini 
  magnetospheres. Weak northern hemisphere fields form isolated mini-magnetospheres. 
 
 

10:00–10:20 a.m. Break 
 
 
10:20–10:40 a.m. Crider D. H. *   Acuña M. H.    Vignes D.    Krymskii A.    Breus T.    Ness N.  

  Factors Controlling the Position of the Martian Magnetic Pileup Boundary [#3103] 
  We examine the effects of crustal magnetic fields and other factors on the properties of the 
  martian magnetic pileup boundary. We find they have a significant effect on the size and 
  shape of the solar wind obstacle. 
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10:40–11:00 a.m. Brain D. A. * 
  Crustal Fields in the Solar Wind:  Implications for Atmospheric Escape [#3241] 
  We discuss three implications of crustal sources for atmospheric escape today:  shielding of 
  the upper atmosphere, open field lines, and modified magnetic field topology near Mars. We 
  also discuss implications for escape to space over Mars’ history. 

 
11:00–11:20 a.m. Mordovskaya V. G. *   Oraevsky V. N.  

  In Situ Measurements of the Phobos Magnetic Field During the “Phobos-2” Mission [#3076] 
  Analyzing the data acquired aboard the Phobos-2 mission, we gave evidence that Phobos has 
  its own magnetic field and its magnetic moment is 1015 A m2. The future explorations to 
  Mars have to take into account this fact. 
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Thursday, July 24, 2003 
POSTER SESSION III:  ATMOSPHERIC DYNAMICS AND REPEATABILITY, CYCLES, 

PHOTOCHEMISTRY AND MAGNETOSPHERES, ENIGMATIC FEATURES, EXTREMEOPHILES, 
POLAR CAPS, AND CURRENT WATER 

11:20 a.m.–1:30 p.m.  Dabney Garden 
 
 

Atmospheric Dynamics and Repeatability 
 

 
Withers P.    Bougher S. W.    Keating G. M.  

Identification of Topographically-controlled Thermal Tidal Modes in the Martian Upper Atmosphere [#3069] 
We use classical theory to identify the main tidal modes. The dominance of wave-2 and wave-3 in the zonal 
structure is consistent with the good overlap between the meridional profiles of solar heating and wave-2 and 
wave-3 components of topography. 
 

Nakakushi T.    Akabane T.    Iwasaki K.    Larson S. M.  
Synoptic Seasonal Structure Evolution of the Low-Latitude Cloud Belt [#3118] 
This is a brief report on the martian climate, based on our ground-based observations in 1997, 1999, and 2001. 
The attempt is the entire behavior of the low-latitude cloud belt appearing around the aphelion. 
 

Wood S. E.    Catling D. C.    Rafkin S. C. R.    Ginder E. A.    Peacock C. G.  
MGS Observations and Modeling of Martian Lee Wave Clouds [#3283] 
Lee wave clouds form when stable air is deflected vertically by a topographic obstacle and undergoes a  
wave-like oscillation in the lee of the obstacle. 
 
 
 

Water, Carbon Dioxide, and Dust Cycles 
 
 

Ringrose T. J.    Towner M. C.    Zarnecki J. C.  
Viking Lander 1 and 2 Revisited:  The Characterisation and Detection of Martian Dust Devils [#3017] 
Dust devil data from Mars is limited by a lack of data relating to diurnal dust devil behaviour. The 
meteorological data from the Viking landers has been revisited to provide these diurnal statistics. 
 

Manning C. V.    McKay C. P.    Zahnle K. J.  
Numerical Simulations of the Evolution of the CO2 Atmosphere of Mars:  4.53 Ga to the Present [#3056] 
We present a numerical model of the evolution of carbon dioxide over the last 4.5 G.y., involving four 
reservoirs, seven channels of flux between reservoirs, within a physically realistic picture of evolving 
insolation, EUV flux, and obliquity variation. 
 

McConnochie T. H.    Bell J. F. III   Wolff M. J.    Smith M. D.    Bandfield J. L.     
Richardson M. I.    Christensen P. R.  

Mars Odyssey THEMIS-VIS:  Surface-Atmosphere Separation and Derivation of Aerosol Properties [#3077] 
We use multiple-scattering radiative transfer models to correct THEMIS-VIS surface reflectances for the effects 
of atmospheric aerosols. We also explore the possibility of using these radiative transfer models to derive 
aerosol properties. 
 

Stanzel C.    Pätzold M.    Neubauer F. M.  
Investigations of Martian Dust Devils [#3083] 
Dust devils play a major role in the physics of the boundary layer of the martian atmosphere. Viking images 
have been investigated to get statistics about the size distribution and the occurrence of martian dust devils. 
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Harri A.-M.    Crisp D.    Savijärvi H.  
Intercomparison of Atmospheric Radiation Schemes for Lower Martian Atmosphere [#3089] 
Interpretation of the vast data flow from the recent and ongoing Mars missions requires extensive modeling 
activity. We have initiated a campaign to compare atmospheric radiation schemes for the lower martian 
atmosphere with least-compromise reference line-by-line calculations. 
 

Siili T.  
Simulations of Mesoscale Circulations and Water Transport in Regions of Water Ice Being Exposed:  First 2-D 
Ensemble Results [#3102] 
The University of Helsinki’s 2-D Mesoscale Circulation Model is used in an ensemble simulation mode  
to study polar circulations and water transport caused by springtime exposure of water ice from under carbon 
dioxide coverage. 
 

Tillman J. E.  
Great Martian Dust Storm Precursor? [#3164] 
Viking lander temperature differences between the first and second year, prior to the dust storm season, might 
be used as a predictor of whether or not great dust storms form later in the year. How to confirm, revise or reject 
this hypothesis will be presented. 
 

Nelli S. M.    Murphy J. R.    Haberle R. M.    Schaeffer J. R.  
Multiyear Simulations of the Martian Water Cycle with the Ames General Circulation Model [#3169] 
The objective of this project is to determine the role the water cycle plays in interannual variability of the 
martian atmosphere when coupled with the dust cycle in the Ames General Circulation Model. 
 

Brandenburg J. E.  
The New Mars Synthesis:  A New Concept of Mars Geo-Chemical History [#3184] 
The New Mars Synthesis proposes that Mars and Earth, rather than diverging in evolution early in geologic 
times, diverged more recently, in the Early Amazonian. 
 

Renno N. O.    Wong A. S.    Atreya S. K.  
Electrical Discharges in the Martian Dust Devils and Dust Storms [#3191] 
Several radio observations of Mars show a correlation between anomalously high radio emission and the 
occurrence of dust devils/storms. The anomalies may be caused by impulsive discharges between 
triboelectrically charged dust particles. 
 

Novak R. E.    Mumma M. J.    DiSanti M. A.    Dello Russo N.    Magee-Sauer K.    Bonev B.  
Seasonal/Diurnal Mapping of Ozone and Water in the Martian Atmosphere [#3210] 
Since 1997, we have been detecting oxygen singlet   emissions (1.27 µm) from Mars as a measure of ozone 
above 20 km and absorption bands of HDO as an indication of water. Results for different seasons throughout 
the martian year will be presented. 
 

Hecht M. H.  
What is the Time Scale for Orbital Forcing of the Martian Water Cycle? [#3285] 
Calculation of the periodic variation in the martian orbital parameters by Ward and subsequent refinements to 
the theory have inspired numerous models of variation of the martian water cycle. 
 
 
 

Photochemistry and Magnetospheres 
 

 
Krymskii A. M.    Ness N. F.    Crider D. H.    Breus T. K.    Acuna M. H.    Hinson D.  

Pressure Balance at Mars and Solar Wind Interaction with the Martian Atmosphere [#3123] 
Crustal fields form large and small mini-magnetospheres. Direct solar wind interaction with Mars’ 
ionosphere/atmosphere can occur. Thermal pressure of ionospheric plasma is estimated at 145–185 km and total 
pressure at 160–180 km has been mapped. 
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Breus T. K.    Crider D. H.    Krymskii A. M.    Ness N. F.    Hinson D.  
Effect of Solar Activity in Topside Ionosphere/Atmosphere of Mars:  Mariner 9, Viking 1 and 2 and  
Mars Global Surveyor Observations [#3124] 
The peak electron density Mars’ ionosphere and the neutral atmosphere scale-height are proportional to solar 
radiation flux. Solar activity effects on 523 electron density profiles derived from MGS are compared with 
Mariner 9 and Viking 1 and 2 results. 
 

Wong A. S.    Atreya S. K.    Renno N. O.  
Chemistry Related to Possible Outgassing Sources on Mars [#3125] 
A photochemical model is developed to study the chemistry of possible outgassing from localized hot spots. 
The major photoproducts are CH4, CH2O, CH3OH, C2H6, SO2, H2S. Effects of halogens and convection  
are also discussed. 
 

De Angelis G.    Clowdsley M. S.    Singleterry R. C. Jr.   Wilson J. W. x 
A New Time-dependent Model for the Martian Radiation Environment [#3249] 
The new model for the martian radiation environment due to Galactic Cosmic Rays (GCR) has been  
developed at the NASA Langley Research Center (LaRC), Hampton, Virginia, to be tested against data from 
spaceborne instrumentation. 
 

Crowley G.    Bullock M. A.    Freitas C.    Chocron S.    Hackert C.    Boice D.    Young L.    Grinspoon D. H.    
Gladstone R.    Huebner W..    Wene G.    Westerhoff M.  

Development of a Surface-to-Exosphere Mars Atmosphere Model [#3284] 
Understanding of the diurnal, seasonal and epochal water transport and volatile loss on Mars is of major 
scientific interest. 
 
 
 

Enigmatic Surface Features 
 

 
Kreslavsky M. A.    Head J. W.  

North-South Slope Asymmetry on Mars [#3010] 
Asymmetry of slopes was mapped with MOLA data. In two bands in midlatitudes equator-facing slopes are 
steeper than pole-facing. This is probably caused by repeating summer-time melting of frozen ground on pole-
facing slopes at high obliquity. 
 

Kostama V.-P.    Kreslavsky M. A.    Head J. W.  
Morphology of the High-Latitude Mantle in Northern Plains on Mars [#3011] 
Northern plains above 55° latitude are covered with extremely homogeneous mantle with characteristic texture. 
We present results of a systematic survey of the textures and superposed and covered circular features basing on 
MOC NA images. 
 

Raitala J.    Aittola M.    Kostama V.-P.    Lahtela H.    Öhman T.  
Modified Impact Craters — Clues to Martian Geological Processes [#3016] 
The details which make impact craters to deviate from their ideal symmetry, may well provide the insights 
required to trace and investigate the existence of certain bedrock characteristics or the course of geological 
processes within a studied area. 
 

Nussbaumer J.    Jaumann R.    Hauber E.  
Evidence for a Surging Ice-Sheet in Elysium Planitia, Mars [#3018] 
High resolution Viking images show evidence for ancient glaciation in parts of southeastern Elysium Planitia. 
The previous ice sheet formed hummocky ground moraines, eskers, and pingos. This near equator glaciation in 
the comparably recent past of Mars bears important paleoclimatic implications. 
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Mangold N.    Allemand P.  
Ductile Deformation in Hellas Floor:  Salt Diapirs or Crustal Domes? [#3047] 
The honeycomb terrains inside Hellas are enigmatic concentric landforms. The analysis of the deformation at 
the MOC scale shows a geometry typical of structural domes like those related to difference of densities in the 
Archean crust on Earth. 
 

Hiesinger H.    Head J. W. III 
Geology of the Syrtis Major/Isidis Region of Mars:  New Results from MOLA, MOC, and THEMIS [#3061] 
We characterize the Syrtis Major/Isidis region in terms of topography and morphology, investigate the origin of 
the geologic units and their morphologic features, study the geologic history and evolution of the region, and 
provide additional geologic context for the Beagle lander. 
 

Payne M. C.    Farmer J. D.  
Testing the Pseudocrater Hypothesis [#3070] 
A field of coniform features observed in Olympia Planitia was hypothesized to be a pseudocrater field. We used 
a number of methods to test our hypothesis, as volcano-ice features located at the margin of a polar cap have 
significance for astrobiology. 
 

Kereszturi A.  
Isidis, Argyre and Hellas:  Subsurface Indicators of Climate Changes [#3082] 
With the GPR of Mars Express and future explorations the connection between the subsurface ice distribution 
and the topography of the surface could hint to the style of the last great climate change. 
 

Farrand W. H.    Gaddis L. R.  
THEMIS Observations of Pitted Cones in Acidalia Planitia and Cydonia Mensae [#3094] 
The nature of enigmatic pitted cones in Acidalia Planitia and Cydonia Mensae is explored using THEMIS and 
other data sources. The cones are observed to have low apparent thermal inertias and this is found to be 
inconsistent with volcanic origins. 
 

Kraal E. R.    Asphaug E. I.    Lorenz R. D.  
Can Shoreline Processes on Mars Constrain Its Past Climate? [#3115] 
We propose to model the geomorphic system of a crater lake on Mars and how it would respond to climate 
perturbations. Our goal is to understand how shorelines might preserve a quantitative record of martian climate. 
 

Deal K. S.    Arvidson R. E.    Neumann G. A.  
The Surface Roughness of Terrains on Mars [#3170] 
Global RMS surface roughness data was examined in order to identify and characterize terrains in terms of 
morphology and geology as well as potential modes of emplacement and/or modification. 
 

Salamuniccar G.    Selar-Glavocic D.  
Image Processing Algorithms for Visualization of Quasi-Circular-Depressions:  A Step Toward the Automatic 
Process of Detection and Classification of Martian Buried Impact Craters [#3202] 
New visualization of quasi-circular-depressions was presented, developed for easier search for buried impact 
craters by humans and possibly by some automatic process in the future. 
 

Salamuniccar G.    Nezic Z.  
Intriguing Dark Streaks on Mars:  Can We Use Them for Formal Proof That We are Near the End of Large 
Climate Change on Mars? [#3204] 
The idea how dark streaks on Mars can be used for the formal proof of climate changes that are still active was 
presented, suggesting that rover should be sent on some place where we have some newly formed dark streaks. 
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Carlotto M. J.  
Enigmatic Landforms in Cydonia:  Geospatial Anisotropies, Bilateral Symmetries, and  
Their Correlations [#3208] 
Geospatial terrain statistics and object symmetries in Cydonia are examined. The spatial autocorrelation 
structure of selected regions shows indications of rectilinear geometry and appears to correlate with the axis of 
symmetry of several enigmatic landforms in the area. 
 

Williams K. K.  
Measurements of Dune Heights on Mars [#3220] 
Stereo MOC images are used to measure dune heights in Proctor crater. Heights range from 30 m for smaller 
barchan dunes to 100 m for larger, more complex dunes. 
 

Plesko C. S.    Asphaug E.    Brumby S. P.    Gisler G. R.  
Automated Feature Extraction and Hydrocode Modeling of Impact Related Structures on Mars:   
Preliminary Report [#3227] 
A systematic, combined modeling and observation effort to correlate Martian impact structures — craters and 
their regional aftermaths — to the impactors, impact processes and target geologies responsible. 
 

Perron J. T.    Howard A. D.    Dietrich W. E.  
Viscous Flow of Ice-rich Crater Fill Deposits and Periodic Formation of Protalus Ramparts:   
A Climate Record? [#3236] 
Regularly-spaced ridges on crater floors appear to be relict protalus ramparts that have been advected  
across the crater floors. We estimate the time between rampart formation events by modeling the deformation  
of volatile-rich crater fill deposits. 
 

Schultz P. H.  
Impacts into Porous Volatile-rich Substrates on Mars [#3263] 
Impacts in porous volatile-rich targets can result in unusually deep smaller craters but shallower than expected 
complex craters collapse. Trapped volatiles may play contribute to the formation of pedestal craters through 
mineral precipitation. 
 

Fenton L. K.    Richardson M. I.    Toigo A. D.  
Temporal Invariance of Wind Orientations as Recorded by Aeolian Features in Proctor Crater [#3267] 
A mesoscale model is run over Proctor Crater to determine if aeolian features correlate to present-day winds. 
 

Garvin J. B.    Sakimoto S. E. H.    Frawley J. J.  
Craters on Mars:  Global Geometric Properties from Gridded MOLA Topography [#3277] 
This paper summarizes the key findings associated with a five year long survey of the three-dimensional 
properties of ~6000 martian impact craters using finely gridded MOLA topography. 
 

Brumby S. P.    Vaniman D. T.    Bish D.  
Emissivity Spectrum of a Large “Dark Streak” from THEMIS Infrared Imagery [#3278] 
We present an infrared spectral emissivity spectrum of a large “dark streak” on the north western edge of 
Olympus Mons, using imagery from the THEMIS instrument on the Mars Odyssey 2001 spacecraft. 
 

 
 

Where Extremeophiles Could Survive on Mars 
 

 
Clark B. C.  

Acid Snowbank as Source, Sink and Abode [#3106] 
Deposits of snow or any other forms and origins of ice at the surface of Mars at moderate to low latitudes could 
be important as an abode for extremeophiles because their interaction with reactive atmospheric gases could 
result in acidic state with greatly suppressed freezing point. 
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Kral T. A.    Sears D. W. G.    Benoit P. H.    Kareev M. S.  
Methane Production by Methanogens in the Andromeda Environmental Chamber Under Conditions 
Approaching Those of the Martian Environment [#3135] 
Methanogens placed on a Mars soil simulant in a planetary simulation chamber demonstrated methane 
production under reduced pressure, survival of the organisms after a freeze/thaw cycle, and the usefulness of the 
Andromeda Chamber. 
 

Allen C. C.    Wainwright N. R.    Grasby S. E.    Harvey R. P.  
Life in the Ice [#3138] 
Microorganisms (bacteria and fungi) are preserved and in some cases remain viable in Antarctic and Arctic ice, 
meltwater and snow. Bacteria from subsurface communities can also be brought to the surface in the 
mineralized waters of englacial springs. 
 

Schulte M.    Blake D. F.  
Ophiolites as Analogs to Habitats on Mars [#3146] 
Ophiolite terranes provide a good model for crustal processes that may be occurring on Mars. The juxtaposition 
of liquid water and unstable minerals in these environments provides chemical energy sources that could be 
used by unique communities of microorganisms. 
 

Schuerger A. C.    Kern R. G.  
Hydrophobic Surfaces of Spacecraft Components Enhance the Aggregation of Microorganisms and May Lead 
to Higher Survival Rates on Mars [#3148] 
The primary objective of this study was to evaluate the effects of surface characteristics of several spacecraft 
materials on the survival of Bacillus subtilis spores under simulated martian conditions. 
 

Travis B. J.  
Convective Plumes as ‘Columns of Life’ [#3230] 
Subsurface hydrothermal convective plumes could serve as ‘columns of life’ for microbes. The structure 
 of convective plumes would provide a sequence of temperature zones to support thermophiles, mesophiles  
and cryophiles. 
 
 
 

Polar Caps — Processes and Temporal Changes 
 
 

Eluszkiewicz J.    Titus T. N.  
A Novel Approach to Modeling Emissivity and Albedo of the Martian Seasonal Caps [#3046] 
Initial results from a new model for the emissivity and reflectivity of the martian seasonal caps represented  
as porous slabs are described. The radiative transfer modeling is linked to a physically based model of CO2  
frost metamorphism. 
 

Pathare A. V.    Paige D. A.  
Stratigraphic Implications of the Relaxation of Troughs and Scarps Within the Martian North Polar  
Layered Deposits [#3084] 
Previously, we showed that viscous relaxation provides a much better fit than does sublimation to the observed 
morphology of North PLD troughs and scarps. Here, we argue that NPLD stratigraphy is also more consistent 
with trough and scarp relaxation. 
 

Genov G.    Kuhs W. F.  
CO2 Hydrate Formation Kinetics at Martian Conditions [#3098] 
We present first results on the formation kinetics of CO2 clathrates from laboratory experiments and give time 
scales of the hydrate growth. All gas hydrates formed in our experiments were found porous on a submicron 
scale, which affects a number of physical properties. 
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Bonev B. P.    James P. B.    Wolff M. J.    Bjorkman J. E.    Hansen G. B.    Benson J. L.  
Modeling the Seasonal South Polar Cap Sublimation Rates at Dust Storm Conditions [#3111] 
We examine the effects of atmospheric and intermixed surface dust on the CO2 sublimation rates on Mars using 
a radiative transfer model through a dusty atmosphere bounded by a sublimating CO2 surface. Modeling 
developments (surface and atmosphere) have been discussed. 
 

Koutnik M. R.    Byrne S.    Crawford Z.    Murray B. C.  
Enigmatic Surface Features of the South Polar Layered Deposits [#3134] 
The Mars Global Surveyor mission has provided data showing important new surface features that are evidence 
for a significant event in the martian past having a considerable influence on the south polar layered deposits. 
 

Fishbaugh K. E.    Head J. W. III 
Characteristics and Distribution of the Mars North Polar Basal Unit [#3137] 
We discuss the characteristics and distribution of the dark, layered basal unit beneath the north PLD. An 
erosional unconformity marks the contact between the BU and PLD. Both the lower PLD and the BU may be 
the source for the ubiquitous dunes. 
 

Fishbaugh K. E.    Head J. W. III 
Mars North Polar Stratigraphy and Implications for Geologic History [#3141] 
Since the north polar basal unit lies stratigraphically between the Vastitas Borealis Formation and the polar cap, 
it may be a record of pre-cap north polar Amazonian history. We examine three possible origins and subsequent 
modifications of the BU. 
 

Milkovich S. M.    Head J. W. III 
Characterizing Polar Layered Deposits at the Martian North Pole:  An Assessment of Local Variations [#3154] 
Fourier analysis is used to characterize multiple images of layered terrain within a region of the northern cap. 
Implications for layer formation are considered. 
 

Schaller E. L.    Murray B. C.    Byrne S.  
McMurdo Crater:  A Unique Impact Event on the South Polar Layered Deposits [#3165] 
Quantitative geomorphology of McMurdo crater, its secondary crater field and ejecta blanket provide  
critical insight into the age of the McMurdo impact and the surface modification history of the south polar 
layered deposits. 
 

Blackmon M. A.    Murphy J. R.  
Determination of Net Martian Polar Dust Flux from MGS-TES Observations [#3167] 
Using atmospheric dust abundance and atmospheric temperature observation data from the Thermal Emission 
Spectrometer (TES) on board the Mars Global Surveyor (MGS), the net flux of dust into and out of the martian 
polar regions will be examined. 
 

Putzig N. E.    Mellon M. T.    Arvidson R. E.  
Thermophysical Properties of the Martian South Polar Region [#3173] 
MGS-TES data show an unusual region of low thermal inertia and low albedo in the south polar region of Mars. 
We present evidence favoring density reduction via ground ice ablation in the near surface over alternative 
explanations of this phenomenon invoking dark dust. 
 

Ivanov A. B.    Byrne S.    Richardson M. I.    Vasavada A. R.    Titus T. N.    Bell J. F.    McConnochie T. H.    
Christensen P. R.    THEMIS Science Team   

Analysis of Properties of the North Polar Layered Deposits:  THEMIS Data in Context of MGS Data [#3182] 
We investigate thermal properties of the troughs in the layered deposits using THEMIS IR and TES data. 
Stratigraphy and composition of the troughs are addressed by THEMIS VIS color images, MOC Narrow Angle 
images and MOLA DEMs. 
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Byrne S.  
Implications of Flow and Brittle Fracture of Ice Masses in South Polar Craters [#3219] 
Geomorphic evidence of flow at the margins of the south polar layered deposits is examined. Indications 
suggest recent flow followed by retreat due to sublimation, perhaps part of an episodic cycle. 
 

Kelly N. J.    Boynton W. V.    Kerry K.    Hamara D.    Janes D.    Mikheeva I.    Prettyman T.     
Feldman W. C.    GRS Team   

Preliminary Thickness Measurements of the Seasonal Polar Carbon Dioxide Frost on Mars [#3244] 
We have attempted here to quantize the time-dependence, spatial extent, and thickness of the seasonal polar 
carbon dioxide frost on Mars through gamma-ray data measured by the Gamma-Ray Spectrometer (GRS) 
instrument suite on 2001 Mars Odyssey. 
 

Hendrix A. R.    Simmons K. E.    Mankoff K. D.  
Characterizing the Oxidizing Properties of Mars’ Polar Regions [#3254] 
Ultraviolet spectra from the Mariner 9 Ultraviolet Spectrometer are modelled in terms of hydrogen peroxide and 
ozone. In the polar regions, seasonal variations in the abundances of both species are detected. 
 

Neumann G. A.  
Polar Dunes Resolved by the Mars Orbiter Laser Altimeter Gridded Topography and Pulse Widths [#3262] 
The MOLA polar data have been refined to the extent that many features poorly imaged by Viking Orbiters are 
now resolved in densely gridded altimetry and RMS roughness maps. 
 

Piqueux S.    Byrne S.    Richardson M. I.  
Polygonal Landforms at the South Pole and Implications for Exposed Water Ice [#3275] 
We investigate the connection between exposed water ice, polygonal landforms and surface roughness in the 
south polar region of Mars. 
 

Keating G. M.    Therriot M.    Tolson R.    Bougher S.    Forget F.    Forbes J.  
Winter Polar Conditions in the Mars Upper Atmosphere at Both the North and South Poles [#3282] 
MGS and MO1 Accelerometer measurements indicate winter polar warming at the North but not at the South 
Pole. Apparently, the warming results from adiabatic heating from strong meridional circulation from the 
summer to winter pole near perihelion. 
 
 
 

Current Distribution and State of Water 
 

 
Bish D. L.    Vaniman D. T.    Fialips C.    Carey J. W.    Feldman W. C.  

Can Hydrous Minerals Account for the Observed Mid-Latitude Water on Mars? [#3066] 
Analysis of the dehydration behavior of smectite, zeolites, and hydrated MgSO4 shows that unusually large 
amounts of these phases would be required to account for the amounts of H2O found by Odyssey in Arabia 
Terra and in other regions with less H2O. 
 

Barlow N. G.  
Utilizing Diverse Data Sets in Martian Impact Crater Studies [#3072] 
We are using MOC, MOLA, and THEMIS data to study focus on:  (1) the effect of secondary cratering  
on the absolute age estimates of martian terrain units, (2) development of a preservation classification, and 
(3) continued studies of what impact craters can tell us about target properties. 
 

Barlow N. G.  
Revision of the “Catalog of Large Martian Impact Craters” [#3073] 
We are using MGS and Mars Odyssey data to revise the “Catalog of Large Martian Impact Craters”, a prime 
source of information related to crater studies. 
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Kurita K.    Ogawa Y.  
Volumetric/Morphometric Analysis of Impact Craters in the Northern Hemisphere Lowlands, Mars [#3096] 
Two types of morphology for craters in diameter range 8 to 20 km with contrasting features have been 
identified in Elysium Planitia and south of Acidalia regions. The distribution pattern suggests variation of 
subsurface volatile distribution. 
 

Hoffman N.    Kyle P. R.  
The Ice Towers of Mt. Erebus as Analogues of Biological Refuges on Mars [#3105] 
Hot spots on Mars are likely to be H2O-rich vapor vents, like the Ice Towers of Mount Erebus, Antarctica. A 
possible example is shown in Hellas Basin, based on Odyssey Themis IR. Liquid water may be restricted to 
local areas in associated ice caves — possible biorefuges. 
 

Rao M. N.    McKay D. S.  
Evidence for Mars Regolith Preserved in Shergottite EET79001:  Differential Comminution and Chemical 
Weathering Records [#3130] 
We have evidence for meteoroid comminution and acid-sulfate processing of basaltic shergottite material on 
Mars surface preserved in a gas-rich impact melt galss inclusion situated in the EET79001 meteorite. 
 

Milkovich S. M.    Head J. W. III 
Olympus Mons Fan Shaped Deposit Morphology:  Evidence for Debris Glaciers [#3149] 
Fan-shaped deposits located on the northwestern flank of Olympus Mons are morphologically consistent with a 
debris covered glacier origin rather than a landslide origin. 
 

Tokar R. L.    Kreslavsky M. A.    Head J. W. III   Feldman W. C.    Moore K. R.    Prettyman T. H.  
Correlation of Neutron-sensed Water Ice Margins with Topography Statistics [#3181] 
The margins between the water ice rich mantle and the relatively dry equatorial region are studied for the 
northern and southern hemispheres using the Odyssey neutron spectrometer data and the MOLA 
roughness/curvature data. 
 

van Gasselt S.    Hauber E.    Jaumann R.  
Permafrost-related Morphologies in Tempe Terra, Observations and Morphometry [#3189] 
The fretted terrain at the martian dichotomy boundary shows various permafrost related morphologies. On the 
basis of Mars Global Surveyor mission data we perform morphometrical analyses of lobate debris aprons and 
present typical ice related morphologies from high resolution imagery. 
 

Boyce J. M.    Mouginis-Mark P. J.    Garbeil H.  
Evidence for a Thick, Discontinuous Mantle of Volatile-rich Materials in the Northern High-Latitudes of Mars 
Based on Crater Depth/Diameter Measurements [#3193] 
A preliminary study of the depth to diameter of craters in the northern high latitudes of Mars suggests the 
presence of relatively ice-rich fine grain sediment that mantles the northern plains. The most likely source of 
this mantle is from standing water in an ocean  from subsurface sources. 
 

Hudson T. L.    Aharonson O.    Schorghofer N.    Hecht M. H.    Bridges N. T.    Green J. R.  
Evolution and Transport of Water in the Upper Regolith of Mars [#3223] 
A combined theoretical and experimental approach seeks to disentangle mechanisms of water transport in upper 
regolith:  concentration diffusion, thermal diffusion, and hydraulic flow; with focus on such aspects as 
adsorption/desorption, condensation, porosity, diffusivity, and permeability. 
 



Sixth International Conference on Mars        39 

Prettyman T. H.    Feldman W. C.    Elphic R. C.    Boynton W. V.    Bish D. L.    Vaniman D. T.    Funsten H. O.    
Lawrence D. J.    Maurice S.    McKinney G. W.    Moore K. R.    Tokar R. L.  

Mid-Latitude Composition of Mars from Thermal and Epithermal Neutrons [#3253] 
Neutron counting data measured by Mars Odyssey are analyzed to determine the absorption and scattering cross 
sections at martian mid-latitudes. Volcanic and aqueous processes are the most likely cause for observed 
variations in neutron absorption. 
 
 

Russell P. S.    Head J. W. III   Hecht M. H.  
Evolution of Volatile-rich Crater Interior Deposits on Mars [#3256] 
We employ an energy balance approach to model the evolution of volatile-rich crater interior deposits. 
Asymmetries due to crater geometry and insolation patterns are compared with fill morphology at the north and 
south poles. 
 
 

Noon–1:30 p.m. Lunch 
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Thursday, July 24, 2003 
ENIGMATIC SURFACE FEATURES 

1:30 p.m.   Beckman Auditorium 
 

Chairs: J. J. Plaut 
 A. S. McEwen 
 
1:30–1:50 p.m. McEwen A. S. * 

  Secondary Cratering on Mars:  Implications for Age Dating and Surface Properties [#3268] 
  The discovery of a large rayed crater and other evidence is presented to suggest that  
  most small craters on Mars could be secondaries. Age estimates based on small craters  
  are unreliable, and uncratered surfaces such as gullied terrain may be older than  
  previously assumed. 
 

1:50–2:10 p.m. Mouginis-Mark P. J. *   Boyce J. M.    Hamilton V. E.    Anderson F. S.  
  A Very Young, Large, Impact Crater on Mars [#3004] 
  We use THEMIS, MOLA and MOC data to describe a very young 29-km-diameter crater on 
  Mars. We estimate its age at <<10 m.y. This crater has implications for the recent distribution  
  of volatiles, and the source area for some shergottite meteorites. 
 

2:10–2:30 p.m. Baratoux D. *   Mangold N.    Costard F.    Daydou Y.    Decriem J.    Pinet P.  
Ground Ice and Impacts on Mars:  New Constraints from Present and  
Future Missions [#3027] 

  Modeling the emplacement of martian lobate craters to derive ground ice concentration 
  remains to date a challenging issue. A synthetic approach of the new constraints,  
  including morphology, topography, roughness and composition, from present and future  
  missions is presented. 
 

2:30–2:50 p.m. Forget F. *   Mangold N.    Costard F.  
  Scenarios to Explain the Formation of Gullies on Mars:  Numerical Simulation with a 
  Climate Model [#3192] 
  We review the different clues that are now available to explain the formation of the recent 
  martian gullies. In particular, we present new calculations of the conditions (temperature, 
  water ice accumulation and sublimation) for various slopes, latitude, and obliquities. 
 

2:50–3:10 p.m. Mangold N. *   Costard F.    Forget F.    Baratoux D.  
  Formation of Gullies on Mars:  What Do We Learn from Earth? [#3048] 
  Characteristics of martian gullies such as the apparent association with layers or the regional 
  distribution are also observed on Earth. They are often due to variations in debris 
  accumulation as a consequence of climate or local geology. 
 
 

3:10-3:20 p.m. Break 
 
 
3:20–3:40 p.m. Zimbelman J. R. * 

  Decameter-scale Ripple-like Features in Nirgal Vallis as Revealed in THEMIS and MOC 
  Imaging Data [#3028] 
  Ripple-like features on the floor of Nirgal Vallis have nighttime temperatures suggesting 
  thermal inertias lower than either the surrounding plains or typical dark sand deposits on 
  Mars. Hypotheses for an aeolian origin are explored. 
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3:40–4:00 p.m. Bourke M. C. *   Bullard J. E.    Barnouin-Jha O.  
  Aeolian Sediment Transport Pathways and Aerodynamics at Troughs on Mars [#3216] 
  Interaction between wind regimes and troughs give rise to complex suites of aeolian 
  landforms. The pattern of sediment deposition and removal compare well with the distribution 
  modeled by two-dimensional computational fluid dynamics. 
 

4:00–4:20 p.m. Aharonson O. *   Schorghofer N.    Richardson M. I.    Khatiwala S.  
  Morphological and Thermo-Physical Properties of Slope Streaks [#3255] 
  We study morphologic, topographic, and thermal properties of the martian surface at specific 
  sites where slope streaks form using MOC, TES, MOLA, and THEMIS data. 
 

4:20–4:40 p.m. Quantin C. *   Allemand P.    Delacourt C.  
  Valles Marineris Landslides:  Morphologies, Ages and Dynamics [#3053] 
  Valles Marineris is affected by about 50 landslides. They display some fluidization 
  morphologies and deficient volume balances. Their ages spread out in the time implying 
  presence of fluids within the wallslopes of Valles Marineris up to recently. 
 

4:40–5:10 p.m. Head J. W. *   Marchant D. R.  
  Cold-based Glaciers in the Western Dry Valleys of Antarctica:  Terrestrial Landforms and 
  Martian Analogs [#3087] 
  A lobate deposit on Western Arsia Mons is analogous to cold-based glacier deposits in the 
  Dry Valleys of Antarctica (ridged facies and drop moraines; knobby facies and sublimation 
  tills; smooth facies and rock glaciers). 
 

  Marchant D. R. *   Head J. W.  
Tongue-shaped Lobes on Mars:  Morphology, Nomenclature, and Relation to Rock  
Glacier Deposits [#3091] 

  We outline the accepted two-fold genetic classification system for terrestrial rock glaciers and 
  propose a non-genetic set of terms to be applied to tongue-shaped lobes on Mars, interpreted 
  to be rock glacier deposits. 
 
 
7:30 p.m. Banquet   Athenaeum 
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Friday, July 25, 2003 
POLAR CAPS — PROCESSES AND TEMPORAL CHANGES 

8:30 a.m.   Beckman Auditorium 
 

Chairs: B. C. Murray 
 H. H. Kieffer 
 
8:30–8:50 a.m. Titus T. N. *   Kieffer H. H.  

  Temporal and Spatial Distribution of Seasonal CO2 Snow and Ice [#3273] 
  The Mars Global Surveyor thermal emission spectrometer has made observations of Mars’ 
  north and south polar regions for two martian years. These observations are used to track the 
  behavior of the seasonal polar caps. 
 

8:50–9:10 a.m. Kieffer H. H. * 
  Behavior of Solid CO2 on Mars:  A Real Zoo [#3158] 
  The condensation of CO2 on Mars involves several unique processes resulting in a menagerie 
  of features in the seasonal polar caps. A physical model connects the progression of cryptic 
  terrain, fans, black spiders, Dalmation spots and fried eggs. 
 

9:10–9:30 a.m. Byrne S. *   Ingersoll A. P.    Pathare A. V.  
  Martian Climactic Events Inferred from South Polar Geomorphology on Timescales  
  of Centuries [#3112] 
  We report on statistical properties of different Swiss-cheese populations within the southern 
  residual cap. We use results from a model we have developed to attempt to infer their history. 
  We find evidence of changing environmental conditions on the residual cap on timescales of 
  martian centuries. 
 

9:30–9:50 a.m. Vasavada A. R. *   Richardson M. I.    Byrne S.    Ivanov A. B.    Christensen P. R.    
  THEMIS Team   

  Geologic Evolution of Mars’ North Polar Layered Deposits and Related Materials from Mars 
  Odyssey THEMIS [#3156] 
  We investigate the morphology, color, and thermophysical properties of the north polar 
  layered deposits and related materials with THEMIS data in order to understand their  
  geologic evolution. 
 

9:50–10:10 a.m. Thomas P. C. * 
  The South Polar Residual Cap of Mars:  Landforms and Stratigraphy [#3058] 
  This work uses mapping of south polar residual cap features to infer deposit stratigraphy. 
 

10:10–10:30 a.m. Murray B. C. *   Koutnik M.    Byrne S.    Marsden P.    Schaller E.  
  Preliminary South Polar History from Layered Deposit Landforms [#3116] 
  Examination of different crater populations on the southern layered deposits have led us to  
  propose a geologic history. We conclude that there have been multiple episodes of burial and 
  exhumation which seem inconsistent with a simple obliquity driven model. 
 
 

10:30–11:00 a.m. Break 
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Friday, July 25, 2003 
CURRENT DISTRIBUTION AND STATE OF WATER 

11:00 a.m.   Beckman Auditorium 
 
Chairs: J. F. Mustard 
 O. Aharonson 
 
11:00–11:20 a.m. Mitrofanov I. G. *   Litvak M. L.    Kozyrev A. S.    Sanin A. B.    Tretyakov V.    
  Boynton W. V.    Hamara D. K.    Shinohara C.    Saunders R. S.    Drake D.    Kuzmin R.  

  Vertical Distribution of Shallow Water in the Distinguishable Regions at Low and High 
  Latitudes of Mars:  Neutron Data Deconvolution of HEND [#3080] 
  Models of vertical distribution of water in 2 m of subsurface are presented for geologically 
  distinguishable regions of Mars at different latitudes. They are based on deconvolution of 
  neutron data from HEND instrument onboard Odyssey mission. 
 

11:20–11:40 a.m. Feldman W. C. *   Prettyman T. H.    Boynton W. V.    Squyres S. W.    Bish D. L.    
  Elphic R. C.    Funsten H. O.    Lawrence D. J.    Maurice S.    Moore K.     
  Tokar R. L.    Vaniman D. T.  

  The Global Distribution of Near-Surface Hydrogen on Mars [#3218] 
  We report on the global distribution of water-equivalent hydrogen on Mars as determined by 
  the neutron spectrometer subsystem on Mars Odyssey. Maps of minimum water abundance 
  are presented along with the global inventory of water. 
 

11:40 a.m.–Noon Boynton W. V. *   Chamberlain M.    Feldman W. C.    Prettyman T.    Hamara D.    Janes D.    
  Kerry K.    GRS Team   

  Abundance and Distribution of Ice in the Polar Regions of Mars:  More Evidence for Wet 
  Periods in the Recent Past [#3259] 
  The subsurface ice content in polar regions implied by the GRS data suggest that the ice was 
  emplaced by a mechanism of snow or frost deposition in the recent past. 
 
 

Noon–12:45 p.m. Lunch 
 
 

12:45–1:05 p.m. Mellon M. T. *   Feldman W. C.    Prettyman T. H.  
  Theory of Ground Ice on Mars and Implications to the Neutron Leakage Flux [#3142] 
  We present new calculations of the geographic and depth distribution of ground ice on Mars 
  and draw comparisons with the inferred distribution of ice from Mars Odyssey Neutron 
  Spectrometer observations. 
 

1:05–1:25 p.m. Paige D. A. *   Scherbenski J. M.  
  The Global Three Dimensional Distribution and Temperature of Near-Surface Martian 
  Ground Ice:  New Results from MGS TES [#3265] 
  We have discovered significant global-scale seasonal thermal anomalies in the MGS TES 
  surface temperature observations that coincide spatially with the Odyssey GRS observations 
  of enhanced near-surface hydrogen abundance. 
 

1:25–1:45p.m. Helbert J. *   Benkhoff J.  
  A New Model on the Thermal Behavior of the Near Surface Layer on Mars and Its 
  Implications for Ground Ice Deposits in Gusev Crater [#3019] 
  We will present the Berlin Mars Near Surface Thermal Model as a tool to study the stability 
  of ground ice deposits. As an example we will present results for Gusev Crater, which 
  indicates the possibility of ground ice deposits as shallow as 2 m. 
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1:45–2:15 p.m. Milliken R. E. *   Mustard J. F.  
Erosional Morphologies and Characteristics of Latitude-dependent Surface Mantles  
on Mars [#3240] 

  Here we classify the erosional, textural, and structural characteristics of layered latitude 
  dependent surface mantles on Mars. Believed to be ice-rich, these mantles vary in texture, 
  thickness, degradation and represent gradational processes. 
 

  Mustard J. F. *   Head J. W.    Kreslavsky M. A.    Milliken R. E.    Marchant D. R.  
  Geological Evidence for Recent Martian Ice Ages [#3250] 
  Multiple lines of evidence for surface deposits formed as a result of quasi- periodic climate 
  change on Mars are presented which are remarkably consistent with models of ground-ice 
  stability and climate. These results are used to present a new model for martian ice ages. 
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Friday, July 25, 2003 
SPECIAL MEETINGS 

2:15 p.m.   Beckman Auditorium 
 
 

To be Announced 
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PRINT-ONLY PRESENTATIONS 
 
 

Alves E. I.    Madeira V. M. C.  
Rationale for the Deployment of a Magnetic Gradiometer on Mars [#3014] 
We show how magnetic gradiometry can increase our knowledge of the planet’s life sustainability. It can also 
help us select a landing site for the first human explorers and increase our knowledge of the geology and 
geological evolution of Mars. 
 

Boroughs L. L.    Parmentier E. M.  
Depth-dependent Thermal Stress on a One-Plate Planet, Mars [#3131] 
We calculate the accumulated deviatoric thermal stresses and strains for a one-plate planet such as Mars, using a 
parameterized thermal evolution model. We determine that global cooling should be a major contributor to 
stresses on Mars. 
 

de Pablo M. A.  
MOLA Topographic Data Analysis of the Atlantis Paleolake Basin, Sirenum Terrae, Mars [#3037] 
The topographic data analysis of a basin located in Sirenum Terrae, Mars, permit us to extract some information 
about the origin and evolution of this basin, that there was a part of a great lake that was the water source of 
Ma’adim Vallis. 
 

Gunnlaugsson H. P.    Jensen J.    Kinch K. M.    Merrison J. M.    Madsen M. B.    Nørnberg P.    Rasmussen K. R.    
Walgren H.    Weyer G.  

Optical Detection of Magnetic and Electrically Charged Dust Particles on Mars [#3044] 
The scientific objectives for a device that can measure the accumulation of electrically charged and/or magnetic 
dust on surfaces are described. Test results obtained under simulated martian conditions are discussed. 
 

Ozorovich Y. R.    Lukomski A. K.    Zoubkov B. V.    Babkin F. V.  
Mars Electromagnetic Sounding Experiment (MARSES):  Comparative and Calibration Studies on the Example 
Spatial and Temporal Variations Subsurface Geoelectrical Sections of the Saltwater Interface on Sicily 
(Donnalucata Beach) and Shelter Island [#3026] 
The MARSES is the sounding instrument program on the base new portable geophysical instrumentation 
developed of searching for water, water-ice, or permafrost layers existing in some depth under the visible 
surface of Mars. 
 

Shean D. E.    Head J. W.  
Pavonis Mons Fan-shaped Deposit:  A Cold-based Glacial Origin [#3036] 
The Pavonis Mons fan-shaped deposit displays several unusual features including a ridged facies, a knobby 
facies, a smooth facies, flow features, and radial ridges. Here we discuss these features and propose a cold-
based glacial model for their formation. 
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PROGRAM INDEX 
 

* Denotes speaker 
 
 

Acuña M. H.* Early Mars, Mon, a.m., Beckman Auditorium 
Acuña M. H. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Acuña M. H. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Adler M. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Aharonson O. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Aharonson O.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Aittola M. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Akabane T. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Allemand P. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Allemand P. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Allen C. C. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Allen C. C. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Alves E. I. Print-Only Presentations 
Ammann J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Anderson F. S. Early Water, Mon, p.m., Beckman Auditorium 
Anderson F. S. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Anderson F. S. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Anderson R. MER Instruments Posters, Tue, p.m., Dabney Garden 
Anglade A. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Ansan V. Early Water Posters, Wed, a.m., Dabney Garden 
Anttila M. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Arkani-Hamed J. Early Mars Posters, Wed, a.m., Dabney Garden 
Armstrong J. C. Early Water Posters, Wed, a.m., Dabney Garden 
Armstrong J. C.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Arneson H. M. MER Instruments Posters, Tue, p.m., Dabney Garden 
Arp Z. A. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Arvidson R. E.* Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Arvidson R. E. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Arvidson R. E. MER Instruments Posters, Tue, p.m., Dabney Garden 
Arvidson R. E. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Arvidson R. E. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Arvidson R. E. Polar Caps Posters, Thu, a.m., Dabney Garden 
Asphaug E. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Athena Science Team MER Instruments Posters, Tue, p.m., Dabney Garden 
Atreya S. K. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Atreya S. K. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Atreya S. K. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Babkin F. V. Print-Only Presentations 
Bada J. L. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Baker V. R.* Early Water, Mon, p.m., Beckman Auditorium 
Baldridge A. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Baldridge A. Early Water Posters, Wed, a.m., Dabney Garden 
Bandfield J. L.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Bandfield J. L. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Bandfield J. L. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Banerdt W. B. Early Water, Mon, p.m., Beckman Auditorium 
Banerdt W. B. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Banfield D. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Banfield D. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Barashyan K. K. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Baratoux D.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
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Barber C. A. Early Water Posters, Wed, a.m., Dabney Garden 
Bar-Cohen Y. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Barker D. C. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Barlow N. G. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Barnes J. R.* Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Barnouin-Jha K. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Barnouin-Jha O. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Barnouin-Jha O. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Bartlett P. Strategies Posters, Tue, p.m., Dabney Garden 
Basilevsky A. T. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Bass D. S. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Batting C. Strategies Posters, Tue, p.m., Dabney Garden 
Beauvivre S. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Becker I. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Becker K. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Beisser K. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Bell J. F. Polar Caps Posters, Thu, a.m., Dabney Garden 
Bell J. F. III MER Instruments Posters, Tue, p.m., Dabney Garden 
Bell J. F. III Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Bell J. F. III Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Bell J. F. III Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Bender K. C. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Bendtsen L. S. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Benkhoff J. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Benoit P. H. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Benson J. L.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Benson J. L. Polar Caps Posters, Thu, a.m., Dabney Garden 
Bérczi Sz. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Bergstrom J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Bertelsen P. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Bertelsen P. MER Instruments Posters, Tue, p.m., Dabney Garden 
Berthelier J. J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Bibring J.-P. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Biccari D. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Binau C. S. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Bish D. L. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Bish D. L. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Bish D. L. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Bish D. L. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Bishop J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Bishop J. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Bjorker G. L. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Bjorkman J. E. Polar Caps Posters, Thu, a.m., Dabney Garden 
Blackmon M. A. Polar Caps Posters, Thu, a.m., Dabney Garden 
Blair M. W. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Blake D. F. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Blake D. F. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Blaney D. L.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Blümchen T. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Boice D. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Boldt J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Bonev B. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Bonev B. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Bonev B. P. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Bonev B. P. Polar Caps Posters, Thu, a.m., Dabney Garden 
Boroughs L. L. Print-Only Presentations 
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Bougher S. Polar Caps Posters, Thu, a.m., Dabney Garden 
Bougher S. W.* Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Bougher S. W. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Bourke M. C.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Boutin D. Early Mars Posters, Wed, a.m., Dabney Garden 
Boyce J. M. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Boyce J. M. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Boyer B. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Boynton W. V. Early Mars, Mon, a.m., Beckman Auditorium 
Boynton W. V. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Boynton W. V. Polar Caps Posters, Thu, a.m., Dabney Garden 
Boynton W. V. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Boynton W. V.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Brain D. A.* Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Brandenburg J. E. Early Mars Posters, Wed, a.m., Dabney Garden 
Brandenburg J. E. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Breus T. K. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Breus T. K. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Bridges N. T. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Bridges N. T. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Bridges N. T. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Bridges N. T. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Briggs G. Strategies Posters, Tue, p.m., Dabney Garden 
Brinckerhoff W. B. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Brown D. MER Instruments Posters, Tue, p.m., Dabney Garden 
Browning L. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Brückner J.* Early Mars, Mon, a.m., Beckman Auditorium 
Brumby S. P. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Bryson C. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Buczkowski D. L. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Bullard J. E. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Bullock M. A. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Burkepile J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Bussey B. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Butler B. J. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Byrne S. Polar Caps Posters, Thu, a.m., Dabney Garden 
Byrne S.* Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Cabane M. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Cabane M. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Calvin W.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Calvin W. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Cantor B. A.* Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Cantor B. A. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Caplinger M. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Caplinger M. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Carey J. W. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Carlotto M. J. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Carr M. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Casteel K. Early Water Posters, Wed, a.m., Dabney Garden 
Catling D. C. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Catling D. C. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Chadwick J. Volcanism, Mon, p.m., Beckman Auditorium 
Chamberlain M. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Chamitoff G. E. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Chan C. C. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Chan C. C. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
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Cherednik L. L. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Chicarro A. F.* Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Chipera S. J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Cho J. Y-K. Early Mars Posters, Wed, a.m., Dabney Garden 
Chocron S. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Choo T. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Christensen P. R.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Christensen P. R. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Christensen P. R. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Christensen P. R. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Christensen P. R. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Christensen P. R. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Christensen P. R. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Christensen P. R. Polar Caps Posters, Thu, a.m., Dabney Garden 
Christensen P. R. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Clancy R. T. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Clancy R. T.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Clark B. C. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Clayton R. N. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Clifford S. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Clifford S. M. Strategies Posters, Tue, p.m., Dabney Garden 
Clowdsley M. S. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Colaprete A.* Early Water, Mon, p.m., Beckman Auditorium 
Colaprete A. Early Water Posters, Wed, a.m., Dabney Garden 
Coleman N. M. Early Water Posters, Wed, a.m., Dabney Garden 
Coll P. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Collier M. L. Early Water Posters, Wed, a.m., Dabney Garden 
Collins S. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Collins S. A. MER Instruments Posters, Tue, p.m., Dabney Garden 
Conrath B. J. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Cornish T. J. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Costard F. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Costard F. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Crawford Z. Polar Caps Posters, Thu, a.m., Dabney Garden 
Cremers D. A. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Crider D. H.* Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Crider D. H. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Crisp D. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Crisp J. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Crowley G. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Crumpler L. S. Early Water Posters, Wed, a.m., Dabney Garden 
Dagle W. R. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Dalton J. B. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Darlington E. H. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Day J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Daydou Y. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Deal K. S. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
De Angelis G. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Decriem J. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Dehant V. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Delacourt C. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Delamere W. A. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Delamere W. A. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Delemere A. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Dello Russo N. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Dello Russo N. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
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Delory G. T. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
de Pablo M. A. Print-Only Presentations 
Dershowitz A. L. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Desautez A. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Des Marais D. MRO Instruments Posters, Tue, p.m., Dabney Garden 
de Souza P. A. Jr. MER Instruments Posters, Tue, p.m., Dabney Garden 
de Viron O. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Dietrich W. E. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Dimitiou A. Early Mars Posters, Wed, a.m., Dabney Garden 
Dingizian A. MER Instruments Posters, Tue, p.m., Dabney Garden 
Dinwiddie C. L. Early Water Posters, Wed, a.m., Dabney Garden 
DiSanti M. A. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
DiSanti M. A. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Dissly R. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Dorn D. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Drake D. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Drake D. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Dreibus G. Early Mars, Mon, a.m., Beckman Auditorium 
Drief A. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Dyar M. D. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Economou T. E.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Eddlemon E. E. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Eliason E. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Eliason E. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Eliason E. M. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Elliot S. T. MER Instruments Posters, Tue, p.m., Dabney Garden 
Elphic R. C. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Elphic R. C. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Elphic R. C. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Eluszkiewicz J. Polar Caps Posters, Thu, a.m., Dabney Garden 
Engel S. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Erard S. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Evans L. Early Mars, Mon, a.m., Beckman Auditorium 
Fallacaro A. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Fallacaro A. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Farmer J. Early Water Posters, Wed, a.m., Dabney Garden 
Farmer J. D. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Farrand W. H. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Fasold M. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Feldman W. Early Mars, Mon, a.m., Beckman Auditorium 
Feldman W. C. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Feldman W. C. Early Water Posters, Wed, a.m., Dabney Garden 
Feldman W. C. Polar Caps Posters, Thu, a.m., Dabney Garden 
Feldman W. C. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Feldman W. C.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Fenton L. K. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Fialips C. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Filiberto J. Role of Volcanism — A Reassessment Posters, Wed, a.m., Dabney Garden 
Fishbaugh K. E. Polar Caps Posters, Thu, a.m., Dabney Garden 
Flood B. E. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Foley C. N. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Foley C. N. Early Mars Posters, Wed, a.m., Dabney Garden 
Folkmann F. MER Instruments Posters, Tue, p.m., Dabney Garden 
Forbes J. Polar Caps Posters, Thu, a.m., Dabney Garden 
Forget F. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Forget F. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
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Forget F. Polar Caps Posters, Thu, a.m., Dabney Garden 
Forget F.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Fort D. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Fortezzo C. Early Water, Mon, p.m., Beckman Auditorium 
Frawley J. J. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Freitas C. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Frey H. V.* Early Mars, Mon, a.m., Beckman Auditorium 
Funsten H. O. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Funsten H. O. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Funsten H. O. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Gaarsmand J. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Gabsi T. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Gaddis L. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Gaddis L. R. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Gagnepain-Beyneix J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Gallagher D. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Garbeil H. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Garvin J. B.* Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Garvin J. B. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Gasnault O. Early Mars, Mon, a.m., Beckman Auditorium 
Genov G. Polar Caps Posters, Thu, a.m., Dabney Garden 
George J. A. Strategies Posters, Tue, p.m., Dabney Garden 
Ghatan G. J. Early Water Posters, Wed, a.m., Dabney Garden 
Ghosh A.* Early Mars, Mon, a.m., Beckman Auditorium 
Giardini D. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Gibson E. K. Jr. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Gierasch P. J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Gierasch P. J. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Ginder E. A. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Gisler G. R. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Gladstone R. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Glass B. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Glenar D. A. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Glotch T. D. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Goetz W. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Goetz W. MER Instruments Posters, Tue, p.m., Dabney Garden 
Golombek M.* Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Gomez-Silva B. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Gorevan S. P. Strategies Posters, Tue, p.m., Dabney Garden 
Graff T. G. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Grant J. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Grant J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Grant J. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Grant J. A.* Early Water, Mon, p.m., Beckman Auditorium 
Grasby S. E. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Greeley R.* Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Greeley R. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Green J. R. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Green R. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Gregg T. K. P. Volcanism, Mon, p.m., Beckman Auditorium 
Grimm R. E. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Grinspoon D. H. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Gromov V. V. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
GRS Team Polar Caps Posters, Thu, a.m., Dabney Garden 
GRS Team Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Grundy W. M. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
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Grunthaner F. J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Guan Y. Early Water Posters, Wed, a.m., Dabney Garden 
Guigné J. Y. Early Water Posters, Wed, a.m., Dabney Garden 
Guinness E. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Gulick V. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Gulick V. C. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Gunnlaugsson H. P.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Gunnlaugsson H. P. MER Instruments Posters, Tue, p.m., Dabney Garden 
Gunnlaugsson H. P. Print-Only Presentations 
Gwinner K. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Haapanala S. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Haberle R. M. Early Water, Mon, p.m., Beckman Auditorium 
Haberle R. M. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Haberle R. M. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Hackert C. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Hagerott E. C. MER Instruments Posters, Tue, p.m., Dabney Garden 
Haldemann A. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Haldemann A. MER Instruments Posters, Tue, p.m., Dabney Garden 
Haldemann A. F. C. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Hale A. S.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Hamara D. Early Mars, Mon, a.m., Beckman Auditorium 
Hamara D. Polar Caps Posters, Thu, a.m., Dabney Garden 
Hamara D. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Hamara D. K. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Hamara D. K. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Hamilton V. E. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Hamilton V. E. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Hamilton V. E. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Hammer P. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Hamp C. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Hansen C. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Hansen C. J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Hansen C. J. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Hansen G. B. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Hansen G. B. Polar Caps Posters, Thu, a.m., Dabney Garden 
Hare T. M. Early Water Posters, Wed, a.m., Dabney Garden 
Harmon J. K. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Harpold D. N. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Harri A.-M. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Harri A.-M. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Harris R. D. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Hartmann W. K. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Harvey R. P. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Harvey R. P. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Haskin L. A. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Hauber E. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Hauber E. Role of Volcanism — A Reassessment Posters, Wed, a.m., Dabney Garden 
Hauber E. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Hauber E. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Hayes A. G. MER Instruments Posters, Tue, p.m., Dabney Garden 
Hayes J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Head J. W. III Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Head J. W. III Early Water Posters, Wed, a.m., Dabney Garden 
Head J. W. III Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Head J. W. III Polar Caps Posters, Thu, a.m., Dabney Garden 
Head J. W. III Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
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Head J. W. III* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Head J. W. III Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Head J. W. III Print-Only Presentations 
Hecht M. H. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Hecht M. H. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Heggy E. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Helbert J.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Helgason Ö. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Hendrix A. R. Polar Caps Posters, Thu, a.m., Dabney Garden 
Herkenhoff K. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Herkenhoff K. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Herkenhoff K. E. MER Instruments Posters, Tue, p.m., Dabney Garden 
Herkenhoff K. E. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Heyler G. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Hiesinger H. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Hilstad M. O. Strategies Posters, Tue, p.m., Dabney Garden 
Hines E. K. Strategies Posters, Tue, p.m., Dabney Garden 
Hinson D. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Hinson D. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Hinson D. P. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Hinson D. P.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Hoekzema N. M. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Hoffman N. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Hoffmann H. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Hofmann B. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Horváth A. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Houben H. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Howard A. D. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Howard A. D. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
HRSC Target Selection Team Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Hudson T. L. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Huebner W.. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Hughes S. S. Volcanism, Mon, p.m., Beckman Auditorium 
Humm D. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Hurowitz J. A. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Hutchins D. A. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Hviid S. F. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Hynek B. M. Early Mars, Mon, a.m., Beckman Auditorium 
Illés E. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Ingersoll A. P. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Irwin R. P. III* Early Water, Mon, p.m., Beckman Auditorium 
Irwin R. P. III Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Israel G. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Ivanov A. B. Polar Caps Posters, Thu, a.m., Dabney Garden 
Ivanov A. B. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Iwasaki K. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Jakobsen R. MER Instruments Posters, Tue, p.m., Dabney Garden 
Jakosky B. M. Early Mars, Mon, a.m., Beckman Auditorium 
James G. H. Mission Concepts Posters, Tue, p.m., Dabney Garden 
James P. B. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
James P. B.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
James P. B. Polar Caps Posters, Thu, a.m., Dabney Garden 
Janes D. Early Mars, Mon, a.m., Beckman Auditorium 
Janes D. Polar Caps Posters, Thu, a.m., Dabney Garden 
Janes D. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Janney P. E. Early Mars Posters, Wed, a.m., Dabney Garden 
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Jaumann R. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Jaumann R. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Jaumann R. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Jensen J. MER Instruments Posters, Tue, p.m., Dabney Garden 
Jensen J. Print-Only Presentations 
Johnson C. L. Early Mars, Mon, a.m., Beckman Auditorium 
Johnson C. L. Early Mars Posters, Wed, a.m., Dabney Garden 
Johnson J. R. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Johnson M. J. MER Instruments Posters, Tue, p.m., Dabney Garden 
Jolliff B. L. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Joseph J. MER Instruments Posters, Tue, p.m., Dabney Garden 
Josset J.-L. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Jurgens R. F. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Kalchgruber R. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Karatekin Ö.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Karczewski J. F. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Kareev M. S. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Karunatillake S. Early Mars, Mon, a.m., Beckman Auditorium 
Kass D. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Kass D. M. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Keating G. M. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Keating G. M. Polar Caps Posters, Thu, a.m., Dabney Garden 
Keller H. U. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Keller J. Early Mars, Mon, a.m., Beckman Auditorium 
Kelly N. J. Polar Caps Posters, Thu, a.m., Dabney Garden 
Kereszturi A. Early Water, Mon, p.m., Beckman Auditorium 
Kereszturi A. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Kereszturi A. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Kern R. G. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Kerry K. Early Mars, Mon, a.m., Beckman Auditorium 
Kerry K. Polar Caps Posters, Thu, a.m., Dabney Garden 
Kerry K. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Keszthelyi L. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Keszthelyi L. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Khatiwala S. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Khuri-Yakub B. T. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Kiefer W. S. Role of Volcanism — A Reassessment Posters, Wed, a.m., Dabney Garden 
Kieffer H. H.* Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Kinch K. MER Instruments Posters, Tue, p.m., Dabney Garden 
Kinch K. M. Print-Only Presentations 
King J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Kirk R. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Kirk R. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Kirk R. L. MER Instruments Posters, Tue, p.m., Dabney Garden 
Klingelhöfer G. MER Instruments Posters, Tue, p.m., Dabney Garden 
Knudsen J. M. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Knudsen J. M. MER Instruments Posters, Tue, p.m., Dabney Garden 
Ko S. M. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Kochan H. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Korteniemi J. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Kosacki K. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Kostama V.-P. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Koutnik M. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Koutnik M. R. Polar Caps Posters, Thu, a.m., Dabney Garden 
Kozyrev A. S. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Kozyrev A. S. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
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Kraal E. R. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Kral T. A. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Krasnopolsky V. A.* Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Kreslavsky M. A. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Kreslavsky M. A. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Kreslavsky M. A. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Kristjánsson L. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Kronberg P. Role of Volcanism — A Reassessment Posters, Wed, a.m., Dabney Garden 
Krymskii A. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Krymskii A. M. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Krymskii A. M. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Kuhs W. F. Polar Caps Posters, Thu, a.m., Dabney Garden 
Kurita K. Early Water Posters, Wed, a.m., Dabney Garden 
Kurita K. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Kuzmin R. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Kyle P. R. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Lahtela H. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Laity J. E. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Lamamy J. A. Strategies Posters, Tue, p.m., Dabney Garden 
Lanagan P. D.* Volcanism, Mon, p.m., Beckman Auditorium 
Lane M. D. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Lane M. D. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Larsen K. W. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Larson S. M. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Lasco J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Lawrence D. J. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Lawrence D. J. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Lawrence D. J. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Lebonnois S. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Lee R. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Leer K. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Lees J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Lefèvre F.* Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Leigh D. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Lemke L. G. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Leovy C. B. Early Water Posters, Wed, a.m., Dabney Garden 
Leovy C. B. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Leshin L. A. Early Water Posters, Wed, a.m., Dabney Garden 
Leshin L. A. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Levine J. S. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Lewis K. Early Water Posters, Wed, a.m., Dabney Garden 
Lindemann R. MER Instruments Posters, Tue, p.m., Dabney Garden 
Lindsley D. H. Role of Volcanism — A Reassessment Posters, Wed, a.m., Dabney Garden 
Lindsley D. H. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Litvak M. L.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Litvak M. L. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Livingston A. Early Water Posters, Wed, a.m., Dabney Garden 
Lognonné P. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Lohr D. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Longazo T. G. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Lorenz R. D. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Lukomski A. K. Print-Only Presentations 
Madeira V. M. C. Print-Only Presentations 
Madsen M. B. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Madsen M. B. MER Instruments Posters, Tue, p.m., Dabney Garden 
Madsen M. B. Print-Only Presentations 
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Magee-Sauer K. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Magee-Sauer K. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Mahaffy P. R. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Maki J. MER Instruments Posters, Tue, p.m., Dabney Garden 
Maki J. N. MER Instruments Posters, Tue, p.m., Dabney Garden 
Malaret E. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Malin M. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Malin M. C.* Stratified Deposits, Mon, a.m., Beckman Auditorium 
Mance D. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Mangold N. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Mangold N. Early Water Posters, Wed, a.m., Dabney Garden 
Mangold N. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Mangold N.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Mankoff K. D. Polar Caps Posters, Thu, a.m., Dabney Garden 
Manning C. V. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Marchant D. R.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Marchant D. R. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Markiewicz W. J. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Marquez J. J. Strategies Posters, Tue, p.m., Dabney Garden 
Marsden P. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Martin P. D. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Martin T. Z. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Masdea A. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Matijevic J. MER Instruments Posters, Tue, p.m., Dabney Garden 
Matz K.-D. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Maurice S. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Maurice S. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Maurice S. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Max M. D. Strategies Posters, Tue, p.m., Dabney Garden 
Maxwell T. A. Early Water, Mon, p.m., Beckman Auditorium 
Maxwell T. A. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
McAdam A. C. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
McCleese D. J. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
McCleese D. J. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
McConnochie T. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
McConnochie T. H.* Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
McConnochie T. H. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
McConnochie T. H. Polar Caps Posters, Thu, a.m., Dabney Garden 
McEwen A. E/PO and Other Posters, Tue, p.m., Dabney Garden 
McEwen A. S. Volcanism, Mon, p.m., Beckman Auditorium 
McEwen A. S. MRO Instruments Posters, Tue, p.m., Dabney Garden 
McEwen A. S.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
McGill G. E. Early Mars Posters, Wed, a.m., Dabney Garden 
McGill G. E. Early Water Posters, Wed, a.m., Dabney Garden 
McGill G. E. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
McKay C. P. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
McKay C. P. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
McKay D. S. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
McKeever S. W. S. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
McKinney G. W. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
McLennan S. M.* Early Mars, Mon, a.m., Beckman Auditorium 
McLennan S. M. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
McSween H. Y. Jr. Early Mars, Mon, a.m., Beckman Auditorium 
McSween H. Y. Jr. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
McSween H. Y. Jr. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Mehall G. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
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Meiers B. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Mellon M. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Mellon M. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Mellon M. Polar Caps Posters, Thu, a.m., Dabney Garden 
Mellon M.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Merrison J. M. Print-Only Presentations 
Merrison J. P. MER Instruments Posters, Tue, p.m., Dabney Garden 
Mertzman S. A. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Michaels T. I. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Mikheeva I. Polar Caps Posters, Thu, a.m., Dabney Garden 
Milkovich S. M. Polar Caps Posters, Thu, a.m., Dabney Garden 
Milkovich S. M. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Milliken R. E. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Milliken R. E.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Mimoun D. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Minitti M. E. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Mischna M. A.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Mitrofanov I. G. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Mitrofanov I. G.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Moersch J. Early Water Posters, Wed, a.m., Dabney Garden 
Montmessin F.* Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Moore J. M. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Moore J. M. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Moore K. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Moore K. R. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Moore K. R. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Mordovskaya V. G.* Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Morgan G. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Morris R. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Morris R. V.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Morris R. V. MER Instruments Posters, Tue, p.m., Dabney Garden 
Morris R. V. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Morse A. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Mouginis-Mark P. J. Role of Volcanism — A Reassessment Posters, Wed, a.m., Dabney Garden 
Mouginis-Mark P. J. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Mouginis-Mark P. J.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Mukherjee S. Strategies Posters, Tue, p.m., Dabney Garden 
Mumma M. J.* Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Mumma M. J. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Murchie S. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Murchie S. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Murphy J. R. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Murphy J. R. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Murphy J. R. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Murphy J. R. Polar Caps Posters, Thu, a.m., Dabney Garden 
Murray B. C. Polar Caps Posters, Thu, a.m., Dabney Garden 
Murray B. C.* Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Murray K. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Mustard J. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Mustard J. F.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Myrick T. M. Strategies Posters, Tue, p.m., Dabney Garden 
Nakakushi T. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Navarro-Gonzalez R. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Nekvasil H. Role of Volcanism — A Reassessment Posters, Wed, a.m., Dabney Garden 
Nelli S. M. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Ness N. F.* Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
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Ness N. F. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Neubauer F. M. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Neukum G. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Neumann G. A. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Neumann G. A. Polar Caps Posters, Thu, a.m., Dabney Garden 
Newsom H. E. Early Water Posters, Wed, a.m., Dabney Garden 
Nežić Z. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Ng T. C. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Ng T. C. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Niemann H. B. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Niles P. B. Early Water Posters, Wed, a.m., Dabney Garden 
Nimmo F. Early Mars, Mon, a.m., Beckman Auditorium 
Nimmo F. Early Mars Posters, Wed, a.m., Dabney Garden 
Noe Dobrea E. Z. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Nørnberg P. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Nørnberg P. MER Instruments Posters, Tue, p.m., Dabney Garden 
Nørnberg P. Print-Only Presentations 
Novak R. E. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Novak R. E. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Nussbaumer J. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Odyssey GRS Team Early Mars, Mon, a.m., Beckman Auditorium 
Ogawa Y. Early Water Posters, Wed, a.m., Dabney Garden 
Ogawa Y. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Öhman T. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Olhoeft G. R. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Oquest C. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Oraevsky V. N. Photochemistry and Magnetospheres, Thu, a.m., Beckman Auditorium 
Orosei R. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Owen T. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Ozorovich Y. R. Print-Only Presentations 
Paige D. A. Polar Caps Posters, Thu, a.m., Dabney Garden 
Paige D. A.* Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Paillou P. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Painter S. L. Early Water Posters, Wed, a.m., Dabney Garden 
Parker T. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Parker T. J.* Early Water, Mon, p.m., Beckman Auditorium 
Parmentier E. M. Print-Only Presentations 
Patel M. R. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Pathare A. V. Polar Caps Posters, Thu, a.m., Dabney Garden 
Pathare A. V. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Pätzold M. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Payne M. C. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Peacock C. G. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Pearl J. C. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Perron J. T. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Phillips R. J.* Early Mars, Mon, a.m., Beckman Auditorium 
Phillips R. J. Early Mars Posters, Wed, a.m., Dabney Garden 
Phoreman J. Jr. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Pickett D. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Pike T. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Pillinger C. T. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Pinet P. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Piqueux S. Polar Caps Posters, Thu, a.m., Dabney Garden 
Pischel R. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Plesko C. S. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Polkko J. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
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Pont G. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Pot O. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Poulet F. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Praine I. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Prettyman T. Polar Caps Posters, Thu, a.m., Dabney Garden 
Prettyman T. H. Early Mars, Mon, a.m., Beckman Auditorium 
Prettyman T. H. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Prettyman T. H. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Prettyman T. H. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Probst L. W. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Pullan D. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Putzig N. E. Polar Caps Posters, Thu, a.m., Dabney Garden 
Quantin C.* Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Quinn R. C. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Quinn T. R. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Rafkin S. C. R. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Rafkin S. C. R.* Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Rafkin S. C. R. Atmospheric Dynamics and Repeatability Posters, Thu, a.m., Dabney Garden 
Raitala J. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Rannou P. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Rao M. N. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Rasmussen K. R. Print-Only Presentations 
Raulin F. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Ravine M. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Raymond C. A. Early Mars Posters, Wed, a.m., Dabney Garden 
Reedy R. Early Mars, Mon, a.m., Beckman Auditorium 
Renno N. O. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Renno N. O. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Reynolds R. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Rhodes E. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Richardson M. I. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Richardson M. I. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Richardson M. I. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Richardson M. I. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Richardson M. I. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Richardson M. I. Polar Caps Posters, Thu, a.m., Dabney Garden 
Richardson M. I. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Richardson M. I. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Richter L. MER Instruments Posters, Tue, p.m., Dabney Garden 
Richter L. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Richter L. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Ringrose T. J. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Ringrose T. J. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Roatsch Th. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Robinson M. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Roush T. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Ruff S. Early Water Posters, Wed, a.m., Dabney Garden 
Ruff S. W.* Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Rüffer P. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Russell P. S. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Safaeinili A. Mars Express Instruments Posters, Tue, p.m., Dabney Garden 
Sakimoto S. E. H.* Volcanism, Mon, p.m., Beckman Auditorium 
Sakimoto S. E. H. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Salamunićcar G. Early Water Posters, Wed, a.m., Dabney Garden 
Salamunićcar G. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Sanin A. B. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
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Sanin A. B. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Sarrazin P. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Saunders R. S. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Saunders R. S. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Savijärvi H. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Savransky D. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Schaefer E. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Schaeffer J. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Schaeffer J. R. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Schaller E. Polar Caps — Processes and Temporal Changes, Fri, a.m., Beckman Auditorium 
Schaller E. L. Polar Caps Posters, Thu, a.m., Dabney Garden 
Schelble R. T. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Schelble R. T. Early Water Posters, Wed, a.m., Dabney Garden 
Scherbenski J. M. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Scherr L. M. MER Instruments Posters, Tue, p.m., Dabney Garden 
Schibler P. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Schiffman P. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Schindel D. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Schneck T. S. Early Mars Posters, Wed, a.m., Dabney Garden 
Schofield J. T. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Schoonen M. A. A. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Schorghofer N. Current Distribution and State of Water Posters, Thu, a.m., Dabney Garden 
Schorghofer N. Enigmatic Surface Features, Thu, p.m., Beckman Auditorium 
Schrag D. P.* Early Water, Mon, p.m., Beckman Auditorium 
Schuerger A. C. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Schulte M. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Schultz P. H. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Schultz P. H. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Schwochert M. MER Instruments Posters, Tue, p.m., Dabney Garden 
Schwochert M. A. MER Instruments Posters, Tue, p.m., Dabney Garden 
Science Team Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Scott D. M. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Seagrave G. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Sears D. W. G. Where Extremeophiles Could Survive on Mars Posters, Thu, a.m., Dabney Garden 
Seelos F. P. IV MER Landing Site Posters, Tue, p.m., Dabney Garden 
Segura T. L. Early Water, Mon, p.m., Beckman Auditorium 
Segura T. L. Early Water Posters, Wed, a.m., Dabney Garden 
Selar-Glavocic D. Enigmatic Surface Features Posters, Thu, a.m., Dabney Garden 
Seu R. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Shan K. J. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Sharp T. G. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Shean D. E. Print-Only Presentations 
Sherrit S. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Shinohara C. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Shinohara C. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Shiraishi L. R. MER Instruments Posters, Tue, p.m., Dabney Garden 
Sievers A. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Siili T. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Silverglate P. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Simmons K. E. Polar Caps Posters, Thu, a.m., Dabney Garden 
Sims M. R. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Singer S. F. Strategies Posters, Tue, p.m., Dabney Garden 
Singleterry R. C. Jr. Photochemistry and Magnetospheres Posters, Thu, a.m., Dabney Garden 
Skinner J. A. Jr. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Slade M. A. MER Landing Site Posters, Tue, p.m., Dabney Garden 
Smith D. E. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
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Smith G. H. MER Instruments Posters, Tue, p.m., Dabney Garden 
Smith M. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Smith M. D. Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Smith M. D.* Atmospheric Dynamics and Repeatability, Wed, a.m., Beckman Auditorium 
Smith M. D. Water, Carbon Dioxide, and Dust Cycles, Wed, p.m., Beckman Auditorium 
Smith M. D. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Smith P. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Smith P. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Smith P. H. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Smith P. H. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Smith W. H. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Smrekar S. E. Early Mars Posters, Wed, a.m., Dabney Garden 
Snider N. MER Instruments Posters, Tue, p.m., Dabney Garden 
Snook K. J. Nature and Origin of Stratified Deposits Posters, Wed, a.m., Dabney Garden 
Soderblom L. A. MER Instruments Posters, Tue, p.m., Dabney Garden 
Søgaard C. MER Instruments Posters, Tue, p.m., Dabney Garden 
Sohl-Dickstein J. N. MER Instruments Posters, Tue, p.m., Dabney Garden 
Southard R. J. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Squyres S. Early Mars, Mon, a.m., Beckman Auditorium 
Squyres S. Future Mars Exploration, Tue, p.m., Beckman Auditorium 
Squyres S. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Squyres S. E/PO and Other Posters, Tue, p.m., Dabney Garden 
Squyres S. W. MER Instruments Posters, Tue, p.m., Dabney Garden 
Squyres S. W. Current Distribution and State of Water, Fri, a.m., Beckman Auditorium 
Stanzel C. Water, Carbon Dioxide, and Dust Cycles Posters, Thu, a.m., Dabney Garden 
Starr R. Early Mars, Mon, a.m., Beckman Auditorium 
Steinþórsson S. Nature of Surface Materials, Tue, a.m., Beckman Auditorium 
Stepinski T. F. Early Water Posters, Wed, a.m., Dabney Garden 
Stewart J. Beagle 2 Instruments Posters, Tue, p.m., Dabney Garden 
Stewart S. T. Early Mars Posters, Wed, a.m., Dabney Garden 
Stiglitz B. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Stockstill K. R. Early Water Posters, Wed, a.m., Dabney Garden 
Stoker C. R. Strategies Posters, Tue, p.m., Dabney Garden 
Stoker C. R. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Stopar J. D. Nature of the Surface Materials Posters, Wed, a.m., Dabney Garden 
Streetman S. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Striebig N. Instrument Concepts Posters, Tue, p.m., Dabney Garden 
Strohbehn K. MRO Instruments Posters, Tue, p.m., Dabney Garden 
Sullivan R. MER Instruments Posters, Tue, p.m., Dabney Garden 
Summers M. E. Mission Concepts Posters, Tue, p.m., Dabney Garden 
Sutherland V. Early Water Posters, Wed, a.m., Dabney Garden 
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MARTIAN CRUSTAL MAGNETISM: WHAT HAVE WE LEARNED AFTER ~6 YEARS OF MGS 
OBSERVATIONS?  M. H. Acuña1, 1 NASA Goddard Space Flight Center, Laboratory for Extraterrestrial Physics, 
Code 695, Greenbelt, Maryland 20771, <mario.acuna@nasa.gov>  

 
Introduction: The MAG/ER investigation aboard MGS has 
established conclusively that an internal, dynamo-generated 
field does not currently exist at Mars and discovered, unex-
pectedly, strong magnetization in the crust. An estimate of the 
upper limit of the current Mars dipole moment derived from 
the MGS data yields M < ~2 x 1017 A-m2,  which corresponds 
to a surface equatorial field strength of < 0.5 nT. The intense 
magnetization of the crust is closely associated with the an-
cient, heavily cratered high terrain, which lies south of Mars’ 
dichotomy boundary. The correlation of magnetization with the 
old terrain and the role of impacts, which have modified the 
magnetic properties of the crust, constitute a new and powerful 
diagnostic tool that is providing a unique view into the early 
thermal history of the planet, which was almost totally un-
known prior to the arrival of MGS. Data from the Lunar Pros-
pector mission complement contemporary analyses and inter-
pretation of crustal magnetism in planetary system bodies that 
do not currently possess core dynamos. The observation of  
“magnetic lineations”  over Terra Sirenum (Sirenum Fossae) 
and Terra Cimmeria, are suggestive of tectonic processes 
observed at Earth in association with sea-floor spreading and 
geomagnetic field reversals. If this association is correct, it 
would indicate the possible existence of plate tectonics and 
magnetic field reversals in Mars' early history. Alternative 
models involving fault/graben formation associated with the 
fracturing of a thin, magnetized crustal layer by tectonic or 
volcanism-induced stresses, yield equally valid interpreta-
tions. To date, no reliable correlation between topography, 
geology and crustal magnetism has been established and the 
origin of these remarkable “Martian magnetic anomalies” 
remains a mystery.  
 
Fundamental Questions: A wide range of questions about the 
internal constitution, thermal evolution and geology of Mars 
are suggested by the magnetic field observations and remain 
largely unaswered. The MGS results have shed considerable 
light into these fundamental issues, but a whole range of new, 
intriguing and unexpected challenges regarding Mars' early 
thermal and collisional history have arisen. The majority of the 
crustal magnetic sources lie south of the dichotomy boundary 
on the ancient, densely cratered terrain of the highlands and 
extend ~ 60° south of this boundary. Therefore, the forma-
tion of the dichotomy boundary must postdate the cessation 
of dynamo action because of the clear magnetic differentia-
tion between the terrains on either side of the boundary. The 
absence of detectable crustal magnetization north of the di-
chotomy boundary, in spite of a widespread record of active 
volcanism and magmatic flows, suggests that dynamo action 
had ceased at this stage of thermal evolution and crustal dif-
ferentiation. The southernmost limit of the crustal magnetiza-
tion region appears to be associated with the destruction or 
modification of the magnetized crust by the impacts that 
created the Argyre and Hellas basins. Processes that took 
place after the cessation of dynamo action only modified the 
ancient, magnetized, thin crust through deep-reaching im-
pacts, magmatic flows, tectonics, shock de-magnetization 

and/or reheating above the Curie point. Models of the in-
tensely magnetized regions assume layer thickness of ~30km, 
located immediately below the surface, while models of the 
weaker sources detected in the northern hemisphere and 
located in the younger, Amazonian plains yield depths in 
excess of 100 km.  Could these deep sources imply subduc-
tion of a magnetized layer in these areas?  
The complexity of the sources found in the southern hemi-
sphere is vividly illustrated in Figure 1 where the magnetic 
field vectors acquired along a southern MGS pass have been 
plotted on the trajectory of the spacecraft. 

Figure 1 

 
  To complement this figure, a cut across Terra Sirenum 
modeled by finite element techniques is shown in Figure 2. 
The magnetization of the 30km thick “strips” can reach val-
ues as large as ~20 A/m, a factor of 20 larger than Earth’s 
magnetic anomalies while the intensity of the field at the 
surface reaches values  of ~20,000 nT  

Figure 2 

 
Timing of the Mars Dynamo: The magnetic field observa-
tions acquired over Hellas, Argyre, Isidis and other impact 
basins do not show the presence of magnetic fields suggest-
ing that the core dynamo had ceased to operate when these 
basins were formed. The age of these basins is estimated to 
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be >~4 Gyr and therefore Mars dynamo cessation has to 
coincide or predate this epoch. The analysis of detailed MGS 
magnetic field data shows that in spite of the evidence de-
rived from MGS and other imaging observations for con-
tinuous volcanism throughout Martian history, magnetic data 
does not support a dynamo “re-start” or a late onset as sug-
gested by Gerald Schubert and his coworkers. Therefore the 
lifetime of the dynamo, from planet accretion and core for-
mation to cessation, cannot exceed ~300 to 500 Myr if our 
estimates of cratering ages are correct. This short time span 
represents a fundamental challenge and constraint for models 
of Mars’ core dynamo and thermal evolution that involve 
different proposed rapid-cooling mechanisms and associated 
crust formation  
 

Martian Solar Wind Interaction: From a solar system 
point of view, our knowledge of the nature of the interaction 
of Mars with the solar wind was incomplete until the arrival 
of MGS and the acquisition of close-in magnetic field data. 
The derived upper limit for the intrinsic magnetic moment 
given above demonstrates that the Martian solar wind inter-
action is dominated by the planet's ionosphere and atmos-
phere. Turbulent magnetic fields and energized charged par-
ticles are observed throughout the magnetosheath region and 
the absence of a internal field as well as the low gravity of 
the planet allow solar wind plasma to interact with this ex-
tended exosphere over large radial distances. Some solar 
wind electrons reach deep into the Martian ionosphere where 
they interact with the crustal magnetic fields leading to com-
plex distributions which are being studied extensively at the 
present time. The detailed drapping geometry of the inter-
planetary magnetic field lines over the Martian obstacle is 
highly dependent upon upstream conditions, particularly, 
ram pressure. The MGS magnetic field data acquired in the 
mapping orbit have been used by a number of investigators 
to derive “proxy parameters” which allow an estimation of 
the upstream ram pressure thus providing an important moni-
toring function for other Mars orbiting investigations. Fi-
nally, the distribution of ionospheric and solar wind elec-
trons over regions of weak crustal magnetization has pro-
vided some challenging clues that need to be reconciled with 
the in-situ magnetic field observations since they could play 
an important role in further constraining the timing of the 
Martian dynamo. 
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MORPHOLOGICAL AND THERMO-PHYSICAL PROPERTIES OF SLOPE STREAKS. Oded Aharonson1, Norbert
Schorghofer1, Mark Richardson1 and Samar Khatiwala2, 1Division of Geological and Planetary Sciences, California Institute of
Technology, Pasadena, CA, USA 2Lamont Doherty Earth Observatory, Columbia University, Palisades, NY, USA (oa@caltech.edu).

Introduction
Slope-streaks are a class of features forming on the surface

of present-day Mars. They were discovered in high-resolution
Viking Orbiter images [1, 2], but only Mars Orbiter Cam-
era (MOC) images [3] revealed that they are currently active.
Sullivan et al. [4] developed a kinematic model for dry dust
avalanches that is consistent with observed characteristics of
slope streaks. Schorghofer et al. [5] correlated streak re-
gions with surface properties including low thermal inertia,
topographic roughness, and peak temperature in search for
a triggering mechanism, and considered the potential role of
trace amounts of water. Ferris et al. [6] suggested that more
voluminous aqueous processes are involved in streak forma-
tion.

Here, we seek to improve upon previously described cor-
relation [5] with surface temperatures measured on kilometer
scales by the Thermal Emission Spectrometer, by examining
and modeling local surface temperatures measured on 100-m
scales by the Thermal Imaging Spectrometer [7].

Observations
MOLA: Results from analysis of a sample of 16 sites where

MOLA ground tracks intersect slopes with streaks show a
range range of 16-38◦, with a median of 22◦.

MOC / THEMIS (vis): Thus far we have focused on the
released MOC data for the identification of slope streaks. This
surveying process forms the basis for all subsequent tests;
improvements in our knowledge of where streaks occur will
lead to better constraints on their formation conditions and
mechanisms. In addition to the MOC data, THEMIS 100 and
19 m/pixel images in the visible band can be used to constrain
streak location and formation times.

An example is shown in Figure 1. A large number of dark
streaks are seen on the sunlit slopes of a branch of Mangala
Vallis in a THEMIS image obtained in the visible band (Panel
a). This site was previously imaged by MOC, and indeed
image M02-03985 was identified in our preliminary study.
Differences in lighting geometry, radiometric calibration, and
resolution contribute to apparent differences between the two
images, but many of the same slope streaks can be identified
in both.

TES/THEMIS (IR): We have advocated a dependence of
slope streak formation on surface temperature using TES data,
sampling the surface with a footprint of 3×6 km, and ag-
gregated over larger spatial bins [5]. However, in order to
investigate the actual conditions under which slope streaks
form we must examine the heterogeneous temperature field,
and consider the thermal state over diurnal and seasonal cycles
at individual sites where streaks are found. In Figure 2, a MOC
image near the Medusae Fossae formation shows an abundance
of streaks (panel a). The slope faces where streaks cluster are
seen to have the high brightness temperature in the THEMIS

IR band shown in panel b (The data is shown as a qualitative
demonstration only; quantitative information will depend on
additional instrument calibration by the science team).

An example of a dark streak large enough to be seen by
MOC, MOLA and THEMIS, is shown in Fig. 3. MOLA point-
to-point measuments indicate a a slope ∼20◦ where the streak
initiates. The THEMIS image shows the positive thermal
anomaly of the dark streak.

Model
A one-dimensional, layered, numerical model is employed

to explore thermo-physical properties of slope streak sites
(Fig. 4). The thermal diffusion equation

∂T

∂t
=

κ

ρc

∂2T

∂z2
(1)

where T is temperature, t is time, κ is the conductivity, ρ is
the density, c is the heat capacity, and z is depth, is solved.
The flux boundary condition at the surface includes incom-
ing solar radiation, infrared emission by the atmosphere, and
black body radiation by the surface. Atmospheric emission is
approximated by 4% of noontime insolation [8].

Summary
The significant heterogeneity of the temperature field ar-

gues that extending the thermal analysis to specific sites with
streaks is crucial to determining the conditions under which
they form. Factors such as albedo, slope, and thermal inertia,
contribute to the heterogeneity, and we aim to unravel their rel-
ative roles in order to learn about triggering of streak formation
and the materials involved.
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(a) (b)

Figure 1: (a) THEMIS image in the visible band showing a cluster of dark slope streaks on the sunlit slopes of a branch of the
Mangala Vallis. The image has a resolution of 19 m/pixel, and covers an area about 14 km wide. (Image credit: NASA/JPL/ASU).
(b) MOC narrow angle image of the northwest face under similar illumination conditions, with a resolution of 2.9 m/pixel (Image
credit: NASA/JPL/MSSS). Streaks common to both images can be identified.

(a) (b)

Figure 2: (a) A portion of MOC image M14-01955 (∼3 m/pixel) near the Medusae Fossae Formation, showing numerous
slope streaks (Image credit: NASA/JPL/MSSS). (b) A portion of daytime infrared image I01266011 (∼100 m/pixel) obtained
by THEMIS. The grayscale pixel values correspond to surface brightness temperature (NASA/JPL/ASU).

Sixth International Conference on Mars (2003) 3255.pdf



MORPHOLOGICAL AND THERMO-PHYSICAL PROPERTIES OF SLOPE STREAKS : O. Aharonson et al.

(a) (b)

-2.50

-2.40

-2.30

-2.20

-2.10

E
le

va
tio

n 
(k

m
)

7 8 9 10 11 12
Distance (km)

5

10

15

20

S
lo

pe
 (

D
eg

re
es

)
1400 1600 1800 2000 2200 2400 2600 2800

Line Number

Temperature (K)
240 245 250 255 260

Figure 3: (a) MOLA Profiles crossing a slope with a dark streak in MOC image M10-00967 (NASA/JPL/MSSS). Shown are the
image data with MOLA shot locations superimposed, as well as the elevation and slope profiles. (b) THEMIS image I01665006
(NASA/JPL/ASU) shows the positive thermal anomaly of the dark streak (black arrow). North direction is to the right.
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Figure 4: Model run of temperature variations with depth and time, with parameters chosen to match the location shown in Fig. 3
(Latitude is 5◦N, slope angle is 20◦ north-facing, albedo is 0.25, and the thermal inertia is I = 80 J m−2 K−1 s−1/2 .)
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Introduction:  The current Martian surface envi-

ronment is extremely hostile to any known form of 
life.  The combination of subfreezing temperature, low 
atmospheric pressure and high ultraviolet flux, com-
bined with desiccated and possibly oxidizing soil, 
could destroy even the hardiest microorganisms.  The 
Viking biology experiments are generally interpreted 
to indicate that the surface of Mars is currently devoid 
of life and organic molecules at the part-per-billion 
level [1]. 

Speculation on the possibility of extant or pre-
served microbial life on Mars thus centers on refuges 
in some manner protected from the current surface 
environment, either in space or time.  Terrestrial ana-
logs include hydrothermal systems, lakes, caves and 
subsurface aquifers as well as more clement conditions 
in the distant past [2]. 

We are examining the evidence for microbiology in 
Earth's glaciated polar regions as analogs to the polar 
caps of Mars.  This research concerns the detection of 
microorganisms or their preserved remains at the sur-
face and within polar glacial ice.  
 

Surface Ice and Snow – Antarctica:  Earth's polar 
deserts, particularly in Antarctica, are some of the least 
hospitable places on this planet for life's survival and 
growth.  Air temperature rarely exceeds 0º C and the 
small amounts of liquid water are ephemeral.  Dry, 
cold katabatic winds regularly sweep from the polar 
plateau to the surrounding ocean [3].  The ultraviolet 
flux, particularly in springtime, is among the highest 
on Earth.  Yet small numbers of bacteria from many 
genera, some viable and some apparently metaboliz-
ing, have been reported. 

We are extending these studies to previously un-
sampled areas in the Transantarctic Mountains.  Our 
study employs a technique that is under development 
for bioassay on future planetary missions. 

Field Setting:  Ice and snow samples (Fig. 1) were 
collected for bioassay at six locations adjacent to the 
MacAlpine Hills in the Transantarctic Mountains (84º 
13' S, 160º 30' E) during the 2002-2003 Antarctic 
Search for Meteorites [4].  The glacial ice in this re-
gion of the continent is essentially isothermal, with an 
average annual temperature near the surface in the 
range of -30º C to -40º C [5].  Average air tempera-
tures measured in 1997 by an automated weather sta-
tion in the Transantarctic Mountains ranged from -30º 

C in summer to -50º C in winter, with summer highs 
rarely exceeding the freezing point and winter lows 
approaching - 60º C (unpublished).  In the perpetual 
sunlight of summer, moraines and rock surface tem-
peratures in the MacAlpine Hills exceeded the ambient 
air temperature by around 10º C, but only for a few 
hours each day.  Temperatures several centimeters 
deep in the snow can be 10º C colder than those in the 
air [6]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  Blue ice and snow – Transantarctic Mountains 
(photo by A. Caldwell) 
 

Samples and Analyses:  Samples of blue glacial 
ice, ablated by katabatic winds, were collected from 
freshly-chipped holes 10 to 20 cm deep at three sites.  
Samples of melted and subsequently refrozen ice and 
snow were collected from two locations on moraine 
gravel surfaces.  A final sampling location, also in a 
moraine, was immediately below a rock face where 
snow had recently melted and the meltwater refrozen.  
Samples of immediately adjacent windblown snow 
were also collected at all six locations. 

Quadruplicate ice and snow samples (48 total) 
were collected with autoclaved stainless steel spatulas.  
Several cm3 of ice chips or snow were placed in each 
sterilized plastic vial, and the vial was immediately 
capped.  The samples were kept frozen in the Antarctic 
environment during the remainder of the field season, 
approximately three weeks, except for one set that was 
inadvertently thawed and refrozen the same day.  Fol-
lowing return from the field the samples, in their vials, 
were allowed to melt and remain at room temperature 
for approximately six weeks prior to analysis. 
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The melted ice and snow samples were analyzed 
using the limulus amebocyte lysate (LAL) assay [7].  
This assay detects and quantifies trace levels of 
lipopolysaccharides (LPS), which are major compo-
nents in the cell walls of all Gram-negative bacteria, 
one of the two dominant bacterial groups.  As such, 
LAL has been developed as a broad-based yet highly 
sensitive assay for bacteria, without reference to par-
ticular species.  This assay does not distinguish among 
active, dormant or dead cells. 

The LAL assay is being tested as a possible sup-
plement to NASA's standard microbial assay for space-
craft and laboratory planetary protection [8,9].  LAL is 
also among a suite of life detection sensors being de-
veloped for future planetary landers [10]. 

Results:  The concentration of LPS in each of the 
48 ice and snow samples was below the detection limit 
of the LAL assay.  The practical limit of detection for 
this assay was 0.01 Endotoxin Units (EU), equivalent 
to 1 x 10-12 g of LPS, per ml of melt water. 

This value can be converted to an approximate de-
tection limit for Gram-negative bacterial cells.  The 
mass of carbon in a typical bacterium is approximately 
10-14 g, and the ratio of carbon to LPS in typical bacte-
rial cells is 11.7 ± 5 [11].  Given these assumptions 
and uncertainties, the calculated LAL detection limit is 
approximately 103 cells  / ml.  Culture experiments 
conducted at the Marine Biological Laboratory [10] 
suggest that this value is a conservative maximum.  
Ongoing experiments at the same laboratory demon-
strate that storage of the ice, meltwater and snow sam-
ples in plastic vials for up to nine weeks before analy-
sis apparently did not alter the LPS concentrations. 

Discussion:  The 48 samples tested in the present 
study, while taken from the same overall environment, 
actually address three distinct environmental niches:  
blue ice, refrozen liquid water in contact with rock and 
gravel, and snow.  As discussed below, microbial life 
has been detected in each of these niches.  The low 
levels, less than 103 cells / ml, implied by the present 
results illustrate just how rare life is in Earth's extreme 
polar deserts. 

Blue ice.  These samples represent snow that fell 
on the Antarctic plateau millenia ago and was com-
pressed to glacial ice.  This ice flowed downslope and 
locally stagnated upon encountering the Transantarctic 
Mountains.  In these areas sublimation caused by the 
dry katabatic winds sublimated significant volumes of 
the ice, leaving behind blue ice from deep within the 
glaciers [12]. 

This blue ice is equivalent to material sampled for 
microbiological assay in a number of drill holes across 
the continent.  Christner et al. [13] recovered bacteria 
and fungi from ice cores collected at Taylor Dome (77º 

40´ S, 157º 40´ E), Siple Station (75º 55' S, 84º 15' W) 
and Dyer Plateau (70º 40' S, 64º 52'W).  The ice from 
Taylor Dome and Dyer Plateau is approximately 1,800 
years old, while ice from Siple Station is 150 years 
old.  16S rDNA sequencing identified members of the 
bacterial genera Acinetobacter, Bosea, Bradyrhizo-
bium, Methylobacterium and Sphingomonas (Taylor 
Dome) and Bacillus, Norcardioides and Sphingomonas 
(Siple Station).  Culture experiments yielded approxi-
mately 10 bacterial colony-forming units (cfu) / ml of 
snowmelt from the Taylor Dome sample, 2 cfu / ml 
from Siple Station and no culturable organisms from 
Dyer Plateau.  These values may represent only a frac-
tion of the cells present in a given sample.  Compari-
son of culture experiments against DNA analyses in 
samples from a non-Antarctic glacier indicated that 
only 1 % of the cells in that ice core formed colonies 
[13]. 

Higher microbial counts have been reported from 
studies of much deeper and older ice.  Abyzov et al. 
[14] extracted a diverse mixture of prokaryotes and 
eukaryotes from 110,000 to 240,000 year old glacial 
ice beneath Vostok station  (78º 28' S, 106º 48' E).  
Using these core samples from depths of 1500 to 2750 
m, still well above the frozen ice of subglacial Lake 
Vostok, they derived total cell counts ranging from 103 
to 104 cells / ml.  The biomass values for these samples 
were positively correlated with the presence of dust in 
the samples.  The presence of viable microorganisms 
was demonstrated by the consumption of 14C-labeled 
organic material. 

Refrozen Water.  Liquid water does occasionally 
form at the MacAlpine Hills site, due to melting of 
snow and ice.  The water exists as ephemeral surface 
rock coatings and ice-covered pools a few centimeters 
deep.  The rock coatings and pools generally refreeze 
within hours, as changing insolation and wind lower 
the surface temperature below 0º C.  The meltwater 
pools can reform several times in the same place over 
the course of an Antarctic summer, but remain perma-
nently frozen for most of the year. 

Priscu et al. [15] reported a viable microbial com-
munity located in meltwater pockets within the ice 
cover above Lake Bonney in the Antarctic Dry Val-
leys.  The community included filamentous cyanobac-
teria of the genera Phormidium, Chamaesiphon and 
Leptolyngbya.  Bacteria in numbers equivalent to 105 
cells / ml were found concentrated in a layer approxi-
mately 20 cm thick, located near the center of the 4 m 
thick ice layer.  The bacteria concentration correlated 
with a layer of windblown sediments enriched in or-
ganic and inorganic nutrients.  The biomass in ice even 
a few cm away from this layer rarely exceeded 103 
cells / ml.  The bacterial community within the ice 
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cover is apparently distinct from the abundant bacterial 
mats on the floor and within the water of Lake Bon-
ney. 

Snow.  Limited fresh snowfall and considerable 
blowing snow were encountered throughout the field 
season at MacAlpine Hills.  Thus, the samples consti-
tute a mixture of freshly fallen snow and snow that had 
fallen days to weeks earlier.  The source of any bacte-
ria and their organic nutrients are likely to have been 
the ocean surrounding Antarctica.  For much of each 
year katabatic winds blow from the polar plateau and 
limit transport of organic material from the sea [3].  
However, limited wind transport poleward does occur, 
sometime on time scales as short at two days [16]. 

Carpenter et al. [17] counted bacteria in snow col-
lected during two summers at the South Pole.  16S 
rDNA analyses identified members of the bacterial 
genera Deinococcus, Cytophaga, Alcaligenes and Bac-
teroides.  Biomass values ranged from 102 to 103 cells 
/ ml of snowmelt.  Similar concentrations of bacteria 
were reported in surface snows from the Ross Ice 
Shelf [18].  Low levels of metabolism were demon-
strated for the South Pole snow samples, as indicated 
by DNA and protein synthesis [17]. 

 
Glacial Springs – Arctic Canada:  Ice sheets and 

glaciers in the arctic also represent extremely challeng-
ing environments for life's survival and growth.  
Christner et al. [13] found < 1 cfu / ml in ice from two 
cores in Greenland.  Dancer et al. [19] reported 1 to 5 
cfu / ml of culturable bacteria in glacial ice from the 
Canadian high arctic.  Skidmore et al. [20] cultured 
bacteria in surface meltwater on the John Evans Gla-
cier of eastern Ellesmere Island and derived a concen-
tration of 103 cfu / ml.  However, they could measure 
no microbial activity in samples of the ice itself.    

We have recently completed the study of a unique 
set of englacial springs in arctic Canada [21].  These 
springs contain evidence for a complex community of 
subsurface bacteria existing within or beneath a thick 
sheet of glacial ice. 

Field Setting:  The springs are located at 81º 01’N, 
81º 35’ W on northern Ellesmere Island.  Extensive 
glaciers occur in the high mountain ranges and flow 
down and coalesce within a valley.  Temperature log-
ging of an exploration well drilled 43 km SW of the 
springs site indicates 540 m of permafrost and a 22º C 
/ km geothermal gradient.  The mean annual air tem-
perature is -20º C. 

Ten springs and seeps discharge from the surface 
of an approximately 200 m thick glacier.  The springs 
were sampled during the summers of 1999, 2000 and 
2001, and sulfur deposits on the ice were reported as 
early as 1988.  Native sulfur is typically thinly dis-

persed over several square meters of the ice surface 
around the discharge sites  (Fig. 2).  Active discharges 
of approximately 1 liter / min were observed at some 
locations, whereas diffuse seeps were more common at 
others. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2.  Sulfur spring in glacial ice – Ellesmere Island 
(photo by S. Grasby) 

 
Samples and Analyses:  Water samples and pre-

cipitates were collected from five actively flowing 
spring sites and samples of glacial meltwater were 
collected from nearby streams.  Temperature, pH, con-
ductivity and deuterium excess were measured for 
each water sample.  Total direct counts of bacteria 
were performed using fluorescence microscopy.  Total 
community DNA was extracted from spring precipi-
tates and assessed by agarose gel electrophoresis.  Po-
lymerase chain reaction (PCR) was performed on each 
extract using universal primer sequences.  DNA ex-
tracts were also PCR amplified and analyzed using 
denaturing gradient gel electrophoresis (DGGE). 

Results:  The spring waters had greater deuterium 
excesses than the local precipitation, but the spring 
water value was consistent with the range measured 
for glacial meltwater in the area.  However, spring 
water temperatures (1 to 2º C) were higher than those 
of surface meltwater (~ 0.2º C).  The spring waters had 
pH values of 9.0 to 9.5, distinctly different from gla-
cial meltwaters that had pH values of 4 to 6.  Conduc-
tivity values ranged from 115 to 230 mS, as compared 
to < 2 mS for meltwater elsewhere on the ice. 

Total bacteria counts for the five water samples 
were consistent at approximately 104 cells / ml.  Direct 
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cloning of PCR amplicons resulted in the identification 
of a single bacterium of the psychrophylic genus Mar-
inobacter.  The DGGE analysis produced 18 distinct 
bands.  Sequencing of the three most dominant bands, 
based on band intensity, identified bacteria of the gen-
era Polaromonas, Pseudomonas and Burkholderia. 

Discussion:  Stable isotope values for spring wa-
ters are indistinguishable from those of glacial melt 
waters, suggesting that the spring waters originate 
from meltwater rather than from precipitation or deep 
sources.  The recharge zones for the spring system are 
likely to be in the nearby glaciated mountains. 

Sulfur springs are often associated with an active 
volcanic source, but no evidence of recent volcanism 
has been reported in the region.  An alternative source 
of sulfur is weathering of sulfur-rich geologic hori-
zons.  Pyrite veins associated with a nearby fault are 
chemically stable and are unlikely to form significant 
quantities of HS–.  The only other abundant sulfur-rich 
horizon in the area is a set of extensive anhydrite beds 
at an estimated depth of 1.5 km below the valley floor.  
These observations imply that the springs express a 
topography driven flow system along bedding and / or 
fracture planes, with circulation to a depth of at least 
1.5 km. 

Bacteria are ubiquitous in all spring samples, at 
consistent concentrations of 104 cells / ml.  These con-
centrations are significantly higher that those reported 
for ice on the surface of other Canadian or Greenland 
glaciers.  The spring waters apparently carry samples 
of a complex microbial community that exists within 
or beneath this thick sheet of glacial ice. 

 
Implications:   Microorganisms (bacteria and 

fungi) exist in Antarctic and Arctic ice, meltwater and 
snow.  Bacteria from subsurface communities can also 
be brought to the surface in the mineralized waters of 
englacial springs. 

These bacteria are rare compared to the biomass in 
more temperate environments.  Bacterial counts in 
polar ice and snow consistently range from 102 to 104 
cells / ml.  Counts in the englacial spring samples clus-
ter at 104 cells / ml.  For comparison, bacterial popula-
tion of surface soils can range from 108 to 109 / g [22]. 

Many different bacterial genera have been identi-
fied in polar ice and snow samples.  Some of these 
baceria are closely aligned with known psychrophiles, 
while other genera are common in many environments.  
No consistent pattern obviously links the types of bac-
teria to their locations.  These observations suggest 
that the bacteria represent a broad mixed population, 
probably carried to the glaciers from many locations 
by the winds.   

The highest concentrations of bacteria in Antarctic 
ice are found in direct association with windblown 
dust and organic nutrients.  Bacteria numbers in glacial 
ice and refrozen lake ice are strongly correlated with 
concentrations of windblown material.     

Bacteria can be preserved in ice for millenia.  Proc-
esses in the cryogenic water cycle – nucleation of 
snowflakes, transformation of snow to glacial ice and 
ice melting – preserve rather than destroy bacteria.  
Recognizable forms remain for hundreds of thousands 
of years and identifiable DNA is preserved for at least 
1,800 years.  A portion of these bacteria can be cul-
tured after more than 1,000 years in the ice.  In some 
cases a subset of the bacteria continues to metabolize 
within the snow, and some bacteria in ice may remain 
viable for hundreds of thousands of years. 

 
Mars:  The polar icecaps may be among the sites 

most likely to preserve evidence of life on Mars [13].  
Windblown dust, carrying material from locations 
across the entire planet, forms recognizable layers in 
the ice [23].  Microorganisms carried to the poles on 
this dust could be trapped and protected from the hos-
tile surface environment.  Cellular morphology, or-
ganic molecules and even viability might be preserved 
in the ice through significant periods of Martian his-
tory. 
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Introduction:  Christensen et al. [1], using data 

from the Mars Global Surveyor Thermal Emission 
Spectrometer (TES), have identified gray crystalline 
hematite in a 350 km by 750 km region near Meridiani 
Planum.  The deposit corresponds closely to the low-
albedo highlands unit “sm”,  mapped as a wind-
eroded, ancient, subaqueous sedimentary deposit [2].  
Christensen et al. [3] interpreted the Meridiani Planum 
deposit to be “an in-place, rock-stratigraphic sedimen-
tary unit characterized by smooth, friable layers com-
posed primarily of basaltic sediments with approxi-
mately 10 to 15% crystalline gray hematite.” 

The Meridiani Planum hematite deposit has re-
cently been designated as the prime landing site for 
one of the two Mars Exploration Rover (MER) space-
craft.  The MER landings are scheduled for January, 
2004.  

Christensen et al. [1] discussed five possible 
mechanisms for the formation of this deposit:  direct 
precipitation from standing, oxygenated, Fe-rich water;  
precipitation from Fe-rich hydrothermal fluids; low-
temperature dissolution and precipitation through mo-
bile groundwater leaching;  surface weathering and 
coatings;  thermal oxidation of magnetite-rich lavas.  
Four of these mechanisms involve the interactions of 
rock with water, and thus have implications in the 
search for evidence of microbial life. 

 
Direct precipitation from standing, oxygenated, 

Fe-rich water.  Iron formations are “chemical sedi-
ments, typically thinly-bedded or laminated, whose 
principal chemical characteristic is an anomalously 
high content of iron, commonly but not necessarily 
containing layers of chert.” [4].  Iron formations are 
among the most common chemical sedimentary depos-
its of the Precambrian.  The iron occurs as oxides, 
principally hematite and magnetite. 
 

Precipitation from Fe-rich hydrothermal fluids.  
Hematite is one of several iron minerals that can form 
when large volumes of hydrothermal fluids move 
through rocks.  The mineralogy of a hydrothermal 
zone is typically complex, reflecting local changes in 
temperature, pH, fluid composition and other variables  

[5].  For example, detailed studies of two silica-
depositing hot springs [48 to 55º C] determined that 
iron was partitioned among hematite, goethite, ferrihy-
drite, siderite and the iron smectite nontronite [6]. 
 

Low-temperature dissolution and precipitation 
through mobile groundwater leaching.  Iron-rich later-
ites and ferricretes are formed on Earth when acidic 
groundwaters extensively leach soil and rock.  Mafic 
minerals are unstable in acidic reducing environments 
and form colloidal iron oxides and hydroxides.  These 
can be transported by water and redeposited if Eh and 
pH rise [5]. 

 
Surface weathering and coatings:  Rock varnish, a 

complex combination of clays with Fe- and Mn-oxides 
and hydroxides, coats the surfaces of exposed rocks in 
many arid environments [7].  Hematite, maghemite and 
magnetite have been identified in rock varnish [8].   
The coatings are derived from airborne dust and other 
sources external to the rock, apparently deposited in 
the presence of thin films of water [9]. 

 
Hematite Deposits and Microbial Life:  Several 

of the mechanisms proposed for hematite formation 
include microbial mediation, and microbial fossils are 
sometimes preserved.  We are documenting such pres-
ervation by iron oxides, including hematite. 

 
Iron Formations.  Many iron formations contain 

fossil evidence of microbial life.  In fact, the very exis-
tence of terrestrial iron formations has been interpreted 
as evidence of photosynthesizing organisms which 
significantly increased the percentage of oxygen in 
Earth’s atmosphere and oceans [10]. 

Numerous microfossils are preserved in specimens 
of the ~2 Ga banded iron deposits of the Gunflint For-
mation, Canada [11].  While most of these microfossils 
are preserved in chert, scanning and analytical  elec-
tron microscopy reveals that some of the micrometer-
scale rods, spheres and filaments are associated with 
iron oxides [12; Fig. 1].  Transmission electron micro-
scope analysis of some filamentary microfossils in 
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Gunflint samples demonstrate that they are in fact 
mineralized by hematite [13]. 

 
 

 
 
 
 
 
 
 
 
 

1 µm 
1 µm 
 
 
Fig. 1.  Spherical  microorganisms  mineralized  by 
iron oxide – Gunflint, Canada; SEM, scale bar = 1 µm  

 
Hydrothermal Systems.  Iron oxides precipitate 

with silicon dioxide or calcium carbonate in many 
hydrothermal systems.  Wade et al. [6] noted the re-
mains of rod-shaped bacteria and dehydrated biofilm 
in a silica-dominated iron hot spring, along with hema-
tite and other minerals. 

Chafetz et al. [14] reported recognizable bacterial 
remains in Fe- and Mn-oxide deposits within hot 
spring travertines in Morocco.  These microfossils 
were found in centimeter-scale black "shrubs".  Fila-
mentous and coccoidal bacteria were observed densely 
packed within the shrubs, but no microfossils were 
found within the enclosing aragonite and calcite lami-
nae.  
  

Iron-Rich Laterite and Ferricrete Soils.  Microbes 
are ubiquitous in terrestrial soils.  Bioloads of 106 to 
109 bacteria per gram are typical, with organic-rich 
surface soils generally containing more organisms than 
deeper mineral soils [15].  Many microbes can derive 
energy from the reactions of iron and oxygen in soils.  
Specialized bacteria oxidize iron from Fe2+ to insolu-
ble Fe3+ in acidic environments such as mine tailings. 

Filamentous microfossils of several generations, as 
well as abundant extracellular polysaccharide (EPS), 
have been preserved by iron oxides in a ferricrete sam-
ple from the soil surface near Shark Bay, Western 
Australia [16].  The general state of degradation of 
these microbial filaments indicates that they were min-
eralized after cell death and lysis. 
 

Rock Varnish.  Natural rock varnish may be a prod-
uct of microbial activity [17].  Initial studies demon-
strated the presence of bacteria known to cause pre-
cipitation of manganese oxides [18].  Bacteria, isolated 
from natural varnish samples and cultured, produced 
varnish similar to natural material. 

Bacteria, EPS and microcolonial fungi have been 
found in varnish deposits coating granitic rocks from 
Sonoran Desert sites in Arizona, as well as in varnish 
samples from Hoover Dam, Nevada and the Pilbara 
region of  Western Australia [19, 20].  In each case the 
varnish consists of a complex mixture of clay minerals 
with Fe- and Mn-oxides.  Some of the bacteria and 
many of the fungal bodies are apparently recent, but 
the varnish layers also contain evidence showing Fe- 
and Mn-oxide mineralization of a subset of these mi-
croorganisms (Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Fig. 2.  Microcolonial fungi mineralized by Fe- and 
Mn-oxides – Pilbara, Australia; SEM, scale bar = 1 µm 
 

Discussion:  On Earth, diverse microbiota have 
been identified in each of the four “wet” environments 
discussed by Christensen et al. [1] for hematite deposi-
tion.  Our research and the work of other colleagues 
has demonstrated that a subset of the microorganisms 
are preserved by hematite and related iron oxides in 
each of these environments. 

The hematite deposits in Meridiani Planum and 
other smaller hematite sites are the only places on 
Mars at which a specific mineral has been identified 
and correlated with mappable geologic units.  These 
deposits may be the only large-scale mineralogical 
evidence for water-rock interactions early in the 
planet’s history. 

If the Meridiani Planum hematite deposit does 
carry a record of fossil martian microbes, suggestive 
macroscopic indications may be detected by the Mars 
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Exploration Rover.  The characteristic banding of 
many iron formations, metal-rich "shrubs" in hydro-
thermal minerals, Fe-rich soils or dark rock coatings 
should be recognizable with the MER instrument suite.  
The spacecraft's combined capabilities of elemental 
and mineralogical analyses along with microscopic 
imaging may well allow the source of the hematite to 
be determined.  

If the martian hematite deposit does carry a record 
of ancient microbial life, however, that record will 
probably not be revealed by the MER instruments.   
The spacecraft's spectrometer suite provides analyses 
at a scale of centimeters or larger.  Most microfossils, 
though, are significantly  smaller  than  even the  30 
µm  resolution  limit  of  the  MER  Microscopic  
Imager. 

Thus, confirmation of martian microbial life by di-
rect fossil evidence will require the return of samples 
to terrestrial laboratories.  A key function of the next 
generation of Mars landers may be to discover and 
certify prime sites for future Mars sample return mis-
sions.  The Meridiani Planum hematite deposit may 
well be among those prime sites. 
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Introduction:  In this paper we intend to show 

how a classic geophysical exploration tool on Earth – 
magnetic gradiometry – can, if deployed on the surface 
of Mars, increase our knowledge of the planet’s life 
sustainability. As important by-products, a geomag-
netic gradients traverse could help us select a landing 
site for the first human explorers and also increase our 
knowledge of the geology and geological evolution of 
Mars. 

Conditions for the Development and Sustain-
ability of Life: The most restrictive conditions are the 
presence of liquid water, the availability of energy 
sources and protection from radiation. 

Liquid water: Liquid water is mandatory for the 
existence of life as we know it. If liquid water is ab-
sent, we can forget about the existence of life on Mars 
in the present. Other important condition is a suitable 
range of temperature and temperature stability. The 
proposed range is based in the knowledge of earth life, 
i. e. from 0 to ca. 100 ˚C. Whatever the temperature, 
water must be liquid. Obviously, the pressure range is 
very important since it conditions the state of water 
together with temperature. Therefore, the search for 
Martian present life requires a very complete informa-
tion on the space- and time-distribution of atmospheric 
temperature and pressure. The crustal surficial thermal 
and baric gradients must also be more fully understood 
and modelled. 

Energy: Another requirement for life is the avail-
ability of energy. Visible light can not operate as an 
energy source in “buried” domains, as it operates pho-
tosynthesis on Earth. Nevertheless, there are photosyn-
thetic centers energized by the near infrared of ca. 
1000 nm that are collected by special bacteriochloro-
phyls. Suitable modifications of the porphyrin may 
result in an effective collection of far infrared photons 
extending to 1000 cm-1 (10000 nm) [1]. This warm 
radiation may penetrate deeper and reach microdo-
mains where living communities might settle. 

Although visible light is the major form of energy 
that supports life on Earth, “energetic” inorganics also 
support restricted living communities in the vicinity of 
marine hydrothermal vents (black smokers). The most 
important chemical is H2S, efficiently oxidized by 
chemolithotrophs to yield useful energy for life and 
biomass accumulation. The chained organisms in the 
community are subsidiaries of the lithotrophic primary 
producers. Other communities living at considerable 
depths (mines) depend energetically on H2S  biochem-
istry. 

Less expressive lithotrophism depends on the use 
of H2 in methanogenic organisms which generate 
methane by reduction of CO2. Still other microorgan-
isms process lithotrophic biochemistry through the 
oxidation of pyrites (lixiviation to ferrous or ferric 
sulphate), but have little expression in terms of life 
support on Earth [2]. Nevertheless, these can not be 
excluded as possible forms of life on Mars. 

Protection from Radiation: If conditions for the 
availability of liquid water and energy are found on 
Mars, one of the main foreseeable hazards to the pos-
sible life-forms are cosmic rays and solar wind radia-
tions. 

These radiations are extremely harmful to every 
known form of life. Biomolecules, particularly poly-
mers and macromolecules, are rapidly destroyed by 
energetic radiations. Generation of radicals is very 
likely to occur. In most cases, radicals undergo chain 
reactions turning into cyclic autocatalysis and autoam-
plification. This is a major issue of the effects of radi-
cals towards biomolecules and living structures [3]. 

Although the presence of regional magnetic fields 
is putatively required to allow life activity, it is not 
absolutely mandatory. The magnetic field(s) may be 
present in the organisms themselves, similarly to what 
is found in magnetotactic bacteria [4] which contain 
inclusions, called magnetosomes, arranged in rows 
along the cell to generate magnetic field(s) at the mi-
croscopic scale, not easily detected by magnetometers. 
These organisms on Earth are ca. 2 µm in length, the 
limit of the optical microscope. Therefore, search for 
magnetic organisms in Mars samples, if not strictly 
impossible, looks a rather difficult task, unless a more 
powerful microscope (electron?) would be available. 

On Earth, magnetotactic bacteria are very scarce. It 
is our planetary permanent dipolar magnetic field that 
protects Earth’s surface, and life as a whole, from ra-
diations of cosmic and solar origin. 

How can we conjugate these three factors – avail-
ability of liquid water and energy and presence of 
magnetic fields – into a strategy to find evidence of 
life on Mars? Furthermore, if it happens that we do not 
find life on Mars, does our strategy provide us with 
information that is useful in other Martian research 
areas? 

Water on Mars:  There are plenty of evidences of 
the presence of liquid water on Mars in the past [5, 6], 
evidences that are morphological, geochemical and 
geophysical.  The presence of liquid water in the pre-
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sent is much more difficult to stipulate, although there 
are recent indications of water induced processes as 
recent as less than three years old [7]. 
The first attempt of a global mapping of the distribu-
tion of water in the Martian soils was a consequence of 
data acquired by the gamma ray spectrometer (GRS) 
instrument suite onboard the 2001 Mars Odyssey 
spacecraft, in particular by the neutron spectrometer 
[8, 9, 10]. 
Figure 1 (adapted from [8]) shows the epythermal neu-
tron count (roughly inversely proportional to the hy-
drogen content) that was obtained by the GRS neutron 
spectrometer. 
 

 
Figure 1 – Epithermal neutron flux (counts per second). 
Adapted from [8]. 
  

The present pressure-temperature conditions on the 
surface of Mars indicate that most of the charted water 
must be either solid, as a subsurface permafrost, or 
incorporated in mineral chrystalline structures. It is 
possible, however, that some water may sometimes be 
in the liquid phase [11], thus available for biochemical 
processes. 

The Martian Magnetic Field:  Mars does not pos-
sess a dipolar field such as the one on Earth. 

However, recent data from the Mag-ER instrument 
onboard the Mars Global Surveyor orbiter has shown 
large regions of magnetic anomalies, mainly on the 
southern highlands, many located on possible water-
bearing areas. 

The magnetic anomalies are interpreted as resulting 
of rock remanent magnetisation, being palimpsests of a 
time (Noachian) when Mars had an internal dynamo 
[12,13] and possibly even global tectonics – which is 
suggested by the parallelism and symmetry of the 
anomalies, not unlike what can be seen on terrestrial 
ocean floors and continental rifts. 

 

 
Figure 2 – Magnetic anomalies, normalised to 200 km alti-
tude. Adapted from [12]. 

 
Figure 2 (adapted from [12]) shows a map of the 

magnetic anomalies that were measured by the Mag-
ER instrument, normalized to an altitude of 200 km.  

“Exobiologically Interesting” Areas: A compari-
son of figures 1 and 2 allows us to locate the broad 
areas where the largest water contents are expected in 
the soils and, simultaneously, the strongest magnetic 
anomalies are found. 

The most important  areas are two, represented on 
figure 3: 

A – between Arabia Terra and Terra Sabaea; 
B – between Terra Cimeria and Terra Sirenum. 
Being within ±30º of the Martian equator, these ar-

eas are also likely to have the highest diurnal tempera-
tures, hence increasing the probability of liquid water, 
even  if sporadic. 
 

 
Figure 3 – Areas where there are good odds of finding satu-
rated soils that are protected from solar wind radiation by the 
remanent magnetic fields. Topographic base: [14] 
 

The European Space Agency (ESA) ExoMars 
Mission: These “exobiologically interesting areas” are 
among the most likely landing sites for a long-ranged 
Rover, such as the one that is being considered for the 
ESA ExoMars mission, part of the Aurora Project. 

ExoMars mission objectives are “to search for 
signs of past and present life on Mars” and “to identify 
possible surface hazards to humans” [15]. 
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The present mission constraints include landing at 
an altitude less than 2000 metres above the planetary 
datum, at latitudes between +10º and +45º or –10º and 
–45º. The rover is expected to perform a traverse 30 to 
50 km long, periodically sampling atmosphere, soil 
and rock for evidence of existing, extant or past life. 

The Pasteur scientific payload on the ExoMars 
Rover already has some of the instruments defined: 
1. Multispectral, panoramic stereoscopic camera; 
2. Subsurface electromagnetic sounder; 
3. Drill for acquiring samples to a maximum depth of 

2 m; 
4. Sample preparation and handling system; 
5. Optical colour microscope; 
6. Raman spectrometer and laser-induced breakdown 

spectrometer; 
7. Combined gas chromatographer/mass spectrome-

ter. 
The final composition of the scientific payload is 

still open. 
Rationale for Surface Magnetometry: It has been 

suggested [16] that Martian local magnetic fields 
would be strong enough to offer protection from radia-
tion to living organisms – which may including future 
human explorers. 

Should it be proven true that local remanent mag-
netisations can protect living organisms from incoming 
radiations, this would have two main consequences: 
1. The places with strong magnetic anomalies are 

those where it would be most likely to find present 
life on Mars, given other conditions, such as the, 
even episodical, presence of liquid water. 

2. The kind of radiation shielding that will be neces-
sary for a human mission landing on one of those 
sites would be much less demanding than on an 
unprotected site. 
These are, however, educated conjectures, since 

Mag-ER data were obtained from high-altitude flight 
and are of very poor resolution – no one actually 
knows the nature, the ground configuration or the ex-
tension of the anomaly sources. 

From a biological point of view, there is a great 
difference in survival opportunities with the size of the 
anomaly source. One large coherently magnetised 
body might offer one large niche for life to strive on; a 
region that, from 200 km altitude, seems coherently 
magnetised but is, in fact, composed of several small 
bodies with incoherent magnetisation, might not offer 
such a niche or, for that matter, a safe place for human 
landing. 

The only way to resolve these indeterminations 
would be to perform a magnetic traverse on Martian 
ground. 

Rationale for a Magnetic Gradiometer: The sys-
tem we foresee is composed of two triaxial fluxgate 
magnetometers, located at two different heights on the 
rover, spaced at least 1 metre. For the ExoMars rover, 
this would mean one sensor in, or above, the camera 
boom and the other one beneath, or under, the rover 
chassis. 

This arrangement will allow to perform a magnetic 
traverse along the rover’s path yielding six vectorial 
data at each station plus, after processing, a set of ver-
tical and horizontal magnetic gradients. 

Each data acquisition would take only a few sec-
onds, consume very little power and produce less than 
1 kbit of data. 

From a strictly theoretical point of view, one single 
magnetometer would be enough to fully characterise 
the local fields, overcoming the intrinsic difficulty in 
downward continuation of orbital data [17]. However, 
the gradiometer configuration has at least four advan-
tages, which explain its widespread use in magnetic 
exploration on Earth [18]: 
1. The gradients filter the diurnal variations of the 

field, as well as sporadic pulses; 
2. They also yield directly the filtered residuals, free 

from possible regional trends; 
3. Gradiometry enhances instrument sensitivity, di-

viding each individual instrument's sensitivity by 
the distance between sensors. 

4. This configuration enables us to better estimate the 
depth of the anomaly source. 
Gradiometry also adds a security factor: one prob-

lem with magnetic measures can be sensor contamina-
tion - the deposition of magnetic wind-borne particles 
on the sensor casing. With two sensors on different 
locations, the odds of having at least one clean sensor 
are increased. 

Gradiometer data would complement other instru-
mental data. 

Other fixed stations on Mars – such as the Net-
lander network [19] – would provide magnetic field 
background and time variations information. 

Earth-based magnetic observatories, such as our 
own at the Geophysical Institute of the University of 
Coimbra, would provide an accurate monitoring of 
magnetic storms and substorms that could be extrapo-
lated to Martian conditions. 

Electromagnetic sounding, though an active tech-
nique, can be hindered in conditions of large back-
ground noise. Such noise could be extracted from gra-
diometer data and filtered. 

It is foreseeable that ExoMars will carry a dedi-
cated radiation counter. The results from this instru-
ment, together with gradiometer data, will answer the 
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critical question if local magnetic fields do protect 
from radiation. 

Conclusions: We are sure that a surface magnetic 
gradiometer mounted on a long-ranged rover can be a 
decisive asset to a future mission that aims to charac-
terise the life potential of Mars. 

Even if evidence for present, extant or extinct life 
is not found, gradiometer data will be very important 
for the understanding of Martian geology and geologi-
cal evolution. Also, the characterisation of local mag-
netic fields may help define the landing site for a fu-
ture manned mission to Mars. 
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Introduction:
This study uses Mars Global Surveyor Thermal 

Emission Spectrometer (TES) and 2001 Mars Odyssey 
Thermal Emission Imaging System (THEMIS) data to 
examine the mineralogy of the wall and floor deposits 
of the Valles Marineris (VM), where exposed. We pre-
sent results from TES analysis of the VM region as 
well as detailed analysis of Melas Chasma, and note a 
remarkable degree of correlation between high-
resolution THEMIS thermal images and full resolution 
TES data.  Using THEMIS as a mapping tool, we will 
correlate the observed TES and THEMIS spectra, iden-
tifying unique local compositional signatures, comple-
menting previous studies that averaged data at a re-
gional scale [0]. The observed composition and strati-
graphic relationships determined from the Mars Orbit-
ing Laser Altimeter (MOLA) can then be used to con-
strain the processes acting on the walls and floors of 
the VM. 

Background:
Valles Marineris: The VM form a series of linear 

subparallel troughs that vary in width from 20 to 600 
km, with average depths of 6-7 km [1-3]. Two compet-
ing interpretations have developed for the formation of 
VM: (1) tectonic subsidence, or (2) fluvial or 
subsurface withdrawal [4-12,2]. The recent discovery 
of subsurface channels just north and east of VM [13] 
provides new insight into where the water within the 
troughs may have gone. The VM have been character-
ized as having significant layered deposits, a wide 
variety of morphologies, and numerous regions with 
low albedo surfaces.  Understanding the mineralogy of 
these features would allow us to address a range of 
genetic hypotheses for these features, including, for 
example: 

¶ Is the layering observed in the walls and on the 
floors of the VM igneous or sedimentary (Figure
1)? 

¶ Are the interior layered deposits volcanic or lacus-
trine (REFS)? 

¶ Are there extensive basal basalt layers? 
¶ What are the blocky deposits observed at the 2003 

MER Melas landing site (not selected), and how 
did they form (Figure 1)? 

¶ Is there compositional evidence for water? 

Wall rock is exposed on the sloping walls of 
bounding the troughs of the VM.  Between 4 and 8 

layers in the top kilometer of the canyons have been 
recognized in Viking data [2], while MOC has revealed 
that local bedrock exposures are common and contain 
extensive layering  [14,15] that have been interpreted 
to be composed of volcanic strata [16-18,2].   

Additional deposits on the floor of the troughs in-
clude landslide and aeolian deposits.  Landslides are 
observed at a variety of scales in all of the major 
trough systems [2], and have IRTM & TES inertias 
consistent with rough blocky surfaces likely to ideal 
targets for THEMIS and TES analysis.  The avalanches 
appear consistent with dry rock in non-lacustrine envi-
ronments, though some evidence for an ice component 
ice is suggested by a channel leading from one of the 
landslide aprons [2].  Aeolian deposits are comprised 
of dark dunes that are sometimes obscured by dust 
infall [19,20]. 

The interior layered deposits observed in the VM 
appear to be composed of alternating light and dark 
beds of approximately 70 m thickness.  Despite first 
being imaged in Mariner 9 images [21], their origin 
remains enigmatic.  Proposed hypotheses for the gene-
sis of the ILD’s of the VM must consider the probable 
effects of both extension and fluvial processes related 
to the formation of the troughs. Hypotheses for the 
formation of ILDs focus include sedimentary deposits 
formed in lakes [21-25] or volcanic deposits [26-31], 
though other discounted possibilities exist [2]. Re-
cently, it has been suggested that the alternating light 
dark layering seen in the interior deposit suggests a 
sedimentary origin for the deposits [25].  

Figure 1:  Layers revealed in MOC narrow angle im-
aging are thought to be igneous (right).  Unique and 
poorly understood structure of the blocky deposits 
found in Melas Chasma make them a high priority 
mineralogy target. 
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TES & THEMIS: TES is currently acquiring ther-
mal infrared  (5 – 50 µm) spectra of the Martian sur-
face at spatial resolutions of approximately 3 x 6 km 
per pixel and spectral resolutions of 5-10 wavenumbers 
[32]. THEMIS is acquiring spectra of the surface from 
6.78-14.88 µm, in ten bands, and has a spatial resolu-
tion of 100 m/pixel. Spectral absorptions in Martian 
mid-IR data are attributable to atmospheric CO2 and 
dust, water-ice clouds, and surface materials.  Smith et 
al. [33] and Bandfield et al. [34-35] have demonstrated 
that the spectral signatures of the atmospheric compo-
nents may be removed via radiative transfer modeling, 
and to first order, by linear deconvolution.  The surface 
spectrum that remains after atmospheric removal is 
indicative of several properties of the surface materials 
including bulk composition, relative abundances of 
minerals, and particle size.  The easiest surface spectra 
to interpret are those obtained in low-albedo, high 
thermal inertia regions that are dominated by coarse 
(10’s – 100’s of µm) sands, regolith, and/or bedrock 
with little dust.  

It is important to note that the slopes of the canyon 
walls in the VM can be steep (up to 34°) causing TES 
& THEMIS to observe sloped surfaces.  Slopes may 
become a problem in regions where steeply dipping 
walls meet near-horizontal surfaces (e.g., at the bottom 
of a canyon wall), which could create spectral compli-
cations due to the complex interaction of the radiated 
energy from the two surfaces [P. Christensen, personal 
communication, 2000]. The MOLA data used for this 
study were derived from the 128 pixel/degree digital 
elevation model.  TES and THEMIS data were collo-
cated with MOLA data gridded to TES resolution. 

In general, the TES data were constrained by 
avoiding bad orbit flags, orbits beyond 7000 (after 
which spacecraft vibration influenced the spectra), data 
with temperatures < 260K, or albedo > 0.24.  The data 
were further decimated by removing end member esti-
mates >120% (caused by processing errors) or with 
spectral RMS misfits > 0.015 (to provide tight con-
straints on results; median misfit in the VM data is 
0.05). To minimize masking of the surface, we further 
constrained the data by requiring dust concentrations to 
be < 0.15. Dust and ice, as previously reported, dem-
onstrate an inverse correlation, while the basaltic ande-
site end member is influenced by overlap with a band 
with a dust band [J. L. Bandfield, pers. comm., 2003], 
thus, this study focuses on the basaltic and hematite 
end members. 

Method & Results:
Regional Basalt Signature: First we made com-

positional maps of the end member deconvolutions of 
the TES dataset that are performed with each downlink 
from MGS. These maps were then plotted on images of 
the topography of the VM (Figure 2).  The predicted 
end members are based on the deconvolution method 
of Smith et al. [33] and Bandfield et al. [34] that at-
mospherically correct all incoming TES spectra using 
seven atmospheric and surface end members (two dust, 
two water-ice cloud, basalt, basaltic andesite, and 
hematite). These seven spectra are not representative of 
every possible surface, and may map some regions 
with only moderate success [J. L. Bandfield, pers. 
comm., 2003]. 

Figure 2: TES data for Basalt end member, over MOLA shaded relief with 1 km contour. Only concentra-
tions exceeding the ~10% detection limit [7] and [4] are plotted.  Note that the lower elevations of the eastern
VM are highly basaltic, as are the southern walls and central  troughs in Coprates, Melas, Ius, Noctis, potions of
Candor, and Hebes Chasma. Regions with high albedo are left blank.
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The map of basalt displays two levels of end 
member concentration; one generally >30%, the other 
generally <24%. These materials likely represent ae-
olian or dust draping, or a mineralogic change with no 
stratigraphic relationship. The high concentration of 
basalt is also spatially associated with the Hesperian 
ridged plains (Hr), Noachian subdued craters (Npl2),
and ridged units (Nplr) [35], and may be consistent 
with low viscosity volcanism identified for Hr. Lastly, 
the superposed younger plains of Syria, Solis, and Si-
nai are associated with andesitic compositions. Our 
observations of hematite in the VM are similar to those 
seen by Christensen et al., [37].  

Individual groups of 6-30 spectra from the high 
and low basalt regions (Figure 3) were deconvolved 
and mineralogy determined from them (Figure 4).  The 
mineralogy was constrained to consist of 52 end-
members, including: Atmospheric (4), Pyroxenes (11), 
Feldspars (10), Olivines (6), Oxides (3), Phyllosilicates 
(9), A.mphiboles (3), Salts (4), Glass, and Quartz end-
members.  After normalizing for blackbody and atmos-
phere, the detection limit is 15-25%.  The high and low 
basalt compositions have been shown to be statistically 
different using cluster analysis, and the high basalt 
appears different from the global basalt endmember; 
low basalt regions appear similar to the global andesite 
endmember. 

Melas Chasma:  Next we studied the Melas Chasma 
region in detail (Figure 5), to determine compositional 
differences between interior layered deposits, blocky 
deposits, landslides, and undifferentiated aeolian bed-
forms.  The results from this effort (Figure 6), though 
preliminary, show that the spectra are statistically se-
perable, and different from the global basalt and ande-
site end-members, commonly being reduced in feld-
spar, phyllosilicates, and glass, while demonstrating 
olivine enrichment.  The two interior layered deposits 
(ILD and ILM) appear different, with the ILM unit 
appearing to be mantled by the aeolian bedform unit.  
In general, the landslide values are variable in compo-
sition from landslide to landslide, perhaps reflecting 
variance in the dust cover on these units.   

Correlation of TES & THEMIS: We have closely 
studied the high basalt deposits derived from TES as-
sociated with the southern rim of the VM near central 
Melas, and have observed that these units correlate 
with THEMIS thermal and albedo contrasts (Figure 7).
We will show a complete decorelation stretch of this 
region (Figure 8) at the conference. 

We have also examined locales in which TES in-
dicated a hematite abundance > 25%, and observed that 
these TES pixels are often associated with low-lying 
layered outcrops on the floor of Melas.   

Figure 3: Average spectra for high and low basalt 
regions. 

Figure 4: Composition from spectra in Fig. 3. 

Figure 5: Locations of analysis in Melas 

Figure 6: Compositions from Fig. 5. 
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Conclusion:
Our initial results indicate that there is no evidence 

in the basaltic units for more aqueous alteration prod-
ucts than is observed for global surface types.  In the 
future, we will add CO2, water vapor, and surface dust 
end-members [Bandfield & Smith, 2003].  As our re-
sults may be influenced by regional averaging, we will 
deconvolve individual icks and detectors & make high 
resolution maps, provide statistical analysis of compo-
sitional results, and correlate results with MOLA to-
pography, slopes, & roughness.  Lastly, we will con-
tinue to expand our analysis to include THEMIS data-
sets.
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Figure 7: Association of individual high basalt TES pixels with thermo-physically warmer regions on the south-
ern rim of central Melas Chasma. 

Figure 8: Blocky deposits in Melas. 
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  Introduction: Different processes have been in-
volved to explain valley networks: (1) Fluvial surface 
runoff formed by precipitation, (2) Groundwater sap-
ping, (3) water-lubricated debris flows, (4) groundwa-
ter flow (5) runoff formed by geothermal and/or tec-
tonic activity. Surface runoff could explain the strong 
erosion of Noachian craters [1], but surface runoff has 
been criticized because of the low drainage density [2] 
and alternative hypothesis have been proposed in cold 
climate [3]. Flows sustained by regional hydrothermal 
activity have been involved especially for the Thauma-
sia region in which Warrego networks because of the 
association of runoff sources with old volcanoes and 
fault zone [4]. In this study we infirm this possibility 
and we show that fluvial activity by precipitation is 
still a possible process to form Warrego valleys. Evi-
dences for such processes are taken from new MGS 
and Odyssey data thanks to which a more precise evo-
lution of Warrego vallis can be proposed.  
 

Fig. 1: MOLA map of South Thaumasia. Warrego net-
work is located on the most southernly part of the 
Tharsis bulge. 
 
General view of the Warrego valles network:  War-
rego Vallis is located on the southern part of the 
Thaumasia region, so the southern part of Tharsis 
bulge (Fig. 1). The difference of elevation between 
valley heads and surrounding plains is of about 6 km. 
Other less developed networks similar in shape also 
exist on the flank east of Warrego. Grabens oriented 
NW SE cross the Warrego region and continue in the 
southern plain. 
 
 

Local observations on MOC images: MOC high 
resolution images provide local information on the 
shape of valleys. Valleys are mantled by smooth mate-
rial, likely dust eolian material. This mantling is dis-
sected in many locations in small pits of several meters 
deep (Fig. 2). The latitude of Warrego at 40°S corre-
sponds to latitudes at which dissected layers due to ice-
rich material is observed [5]. This layer affects signifi-
cantly the original depth of valleys. Measurements of 
valley depth need therefore to be achieved with cau-
tion, especially if compared to other valleys which are 
not affected by same processes like in equatorial re-
gions. Furthermore, the filling of valleys makes the 
detection of small tributaries very difficult. We can't 
conclude whether their absence is due to their deleting 
by later processes or to their absence in the genetic 
process. 

 
Fig. 2: Close-up on a valley (MOC image #M17-
01176 scale: 2 km large, North to the top). The south 
flank top of the image is covered by mantling which is 
degraded. The valley is partially filled. 
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WARREGO VALLES REVISITED BY NEW DATA:  V. Ansan and N. Mangold  

 

 
Fig. 3: Warrego Vallis from Viking image (230 
m/pixel) projected on Mars geodetic datum with geo-
detic projection. MOLA altimetry is overlaid on the 
image with  height intervals of 500 m. The large white 
box corresponds to the location of the infrared Themis 
image (Fig.4).  
 
Topography of the valley network: MOLA data 
shows that valley heads in the north part of the net-
work occur at height of about 8 km. The average slope 
is of 0.03 with a total of 6000 m of elevation differ-
ence (Fig. 3). A usual criticism to runoff formed by 
precipitation is that networks are poorly dendritic, this 
means that intersection between rivers is low and not 
orthogonal like dendritic pattern would require. How-
ever, the intersection angle depends strongly on the 
slope on which runoff forms. Under about 0.02 of 
slopes the drainage is dendritic with nearly orthogonal 
intersections and up this value of 0.02 the drainage 
becomes parallel, with low angle intersections [6]. 
MOLA data shows that we are in the case of such par-
allel network, because slopes are of about 0.03 in all 
the flank north of the main river. The observed geome-
try is therefore consistent with usual terrestrial drain-
age as the geometry is typical of parallel drainage due 
to the slope.  
Information given by THEMIS IR images: Most 
studies of Warrego have been done with Viking im-
ages which are only low resolution (220 m) at this 
place. Valleys sources seem to all to born at the top of 
the images and organize down to the south plain (Fig. 
3). The relation between the top of highlands as birth 
regions and the possible volcanoes located there is the 
main argument for hydrothermal related runoff [4]. 
Nevertheless, new THEMIS IR-images have 100m of 

resolution that gives a new insight inside the location 
of valleys. Indeed, THEMIS image south of the net-
works show several valleys not identified on the Vi-
king images (Fig. 4). Their absence on Viking image is 
likely an effect of the sun incidence. On the contrary to 
the visible images, IR Themis data are less dependent 
on sun incidence. THEMIS image permit to rebuilt a 
geometry of the network with the flank south of the 
main valley also affected by valleys. The lack of vol-
canoes or large impact craters at the upper part of this 
south flank makes the hypothesis of hydrothermally 
controlled network unlikely. On the contrary, the 
smaller elevation difference of only 500 m on this 
flank can explain that valleys are less developed and 
therefore less visible on Viking images. 
Origin of valley network: Finally, (1) MOC images 
shows that valleys are strongly degraded and that small 
tributaries are possibly erased, (2) the slope of the val-
ley measured by MOLA can explain the geometry of 
the network and (3) THEMIS IR data shows that some 
valleys exist on the south flank showing that it is not 
only controlled by sources on the northern part. Thus, 
evidences against runoff formed by precipitations are 
eliminated. On the contrary, it is unlikely that hydro-
thermal sources explain rivers in the south flank as 
they have their sources on a structural relief poorly 
related to any volcanic activity. Sapping is also diffi-
cult because it is controlled by layers and the geometry 
is different than typical sapping valley like Nirgal val-
leys. Moreover, the sources take place at elevations of 
up to 8 km which are the highest points in the regions, 
making unlikely a underground system at such crest 
line. Only widening of the main channel observed in 
the lower part of the valley could result of sapping 
process, likely late in the history of the network. 
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Fig. 4: A. Day-IR themis image I01714004 (100 
m/pix) on which the MOLA altimetry is projected with 
a height interval of 500 m. B. In the lower part of fig-
ure, the location of new valleys which connect to War-
rego main valley with a North water downstream along 
the local slope to the South. 
 

Discussion: Precipitations usually erode topography 
forming networks in equilibrium with the plain. The 
longitudinal profile of the main valley is nevertheless 
not at equilibrium. Such observation is against strong 
earth-like precipitations. However, arid regions of the 
Earth display networks of rivers not at equilibrium 
because they are due to flash flood or short wet sea-
sons. Such dryland rivers may also explain why trans-
versal profile are not increasing progressively like in 
usual rivers [7]. Warrego is dated in the late Noachian, 
so in a period at which the early Martian climate is 
near the end. It may be possible that the south Thau-
masia regions was built at this period and that Warrego 
represents the terminal phase of this climate explaining 
that it is well preserved at the Viking scale.  
Conclusion: Using different sets of data, topography, 
visible and IR images at all possible scale, we show 
that Warrego valleys have mainly characteristics in 
favour to surface runoff produced by precipitation, 
possibly by intermittent ephemeral floods. The forma-
tion of these valleys by precipitation favors observa-
tion such as those discussed by Craddock and Howard 
[8]. Nevertheless, more data need to be studied in or-
der to conclude if valleys are due to precipitation or 
any other erosional process. 
 
References: [1] Craddock and Maxwell, J.G.R., 102, 
E6, 13321-13340, 1997 [2] Carr, M. H., J.G.R., 102 
(E4), 9145-9152,  1997, [3] Carr, M. H., Water on 
Mars, 1996. [4] Dohm J. M. and K. L. Tanaka et al, 
Planet. Spa. Sci., 47, 411-431, 1999. [5] Mustard et 
al., Nature, 2001 [6] Schumm, S.A., M. P. Mosley and 
W. E. Weaver, Experimental flows, WileyInterscience, 
1987 [7] Tooth., Earth Science Reviews, 51, 67-107, 
2000, [8] Craddock and Howard, J.G.R., 107, E11, 
5111, 2002.  
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Introduction:  The international plans for robotic 

Mars exploration are focusing on the subsurface 
sampling and sample analysing methods of Martian 
regolith. In the launch window of 2009, both ESA and 
NASA have preliminary plans to send a rover with 
deep-drilling capabilities.  

International companies and organisations have 
designed prototypes and engineering test models for 
drilling purposes, such as the MRoSA2 driller (see 
Figure 1), Rosetta driller and several other planetary 
drilling applications. Authors of this publication have 
been personally involved in especially the ESA’s 
MRoSA2 project [7]. The focus was to develop a 
prototype of miniaturized planetary driller, which could 
perform up to 2 meter deep drilling and sampling of 
Martian regolith.  

 

Figure 1: MRoSA2 rover conducting a drilling task.  

As the drillers are evolving and plans are for 
moving from prototypes to real space applications 
regarding the 2009 launch window, it is imperative to 
conduct wide testing for these drilling and sampling 
machines. With the knowledge and scientific results 
gained from the NASA’s Pathfinder, Mars Global 
Surveyor and Odyssey missions we have developed a 
test bench to simulate Martian regolith from the surface 
down to two meters depth. All drilling parameters have 
been studied to define the best suitable drill 
performance that could fulfill the requirements for 
upcoming exploration missions. 

 
Foundation of testing: The MRoSA2 drilling 

system constitutes of two subsystems: the roving 
platform (110x400x400 mm packed, 11kg) and the 
Drilling and Sampling Subsystem (DSS).  

The roving vehicle, procured by Helsinki 
University of Technology; Automation Technology 

Laboratory,   is a tracked tethered vehicle, serving as a 
platform for the DSS. It’s function is to enable the DSS 
to sample at desired locations and to deliver these 
samples back to the lander. During the mission, the 
rover makes multiple trips between the lander and 
various sampling locations. The rover is commanded 
and supplied with power from the lander via a tether. 
The rotating axis of a payload cab holding the drilling 
device allows drilling and sampling at angles ranging 
from the vertical to the horizontal, allowing full 360° 
rotation. 

The Drilling and Sampling Subsystem (DSS), 
designed and manufactured by VTT Automation, is 
restricted in very limited volume of 110x110x350 mm 
and in mass to 5 kg. In order to satisfy 2 meter 
penetration depth requirement the DSS features an 
extendable drill string. The string is assembled from up 
to ten separate pipes in a similar manner that is used on 
terrestrial automatic rock drilling machinery.  Drilling 
is performed by two independent actuators, one for 
rotation (0-120 rpm, 0.3 Nm) and one for thrust (-100 
to +400 N). The rotation actuator is mounted on a 
sledge moving in and out  propelled by the thrust 
actuator and a ball-nut and -screw.  Operation of the 
drill is similar to conventional automatic drilling 
machines. When drilling proceeds and the sledge 
reaches it’s bottom limit, the pipe is detached from the 
spindle, the spindle is retracted to upper position and a 
new pipe can be attached from the pipe carousel to 
extend the string. The sequence of disassembly of a 
drill string during drill retraction is opposite to 
assembly sequence.  

 

Figure 2: The MRoSA2 drill head and a rock sample [3]. 
 
The tool used for sampling duplicates as a drilling 

bit and a core drill. The tool is illustrated in Figure 2. 
During drilling a core develops inside the drill while 
the bit crown chips the material. Chips are conveyed to 
the surface by the external helical profile of the drill 
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string. Once the coring section is full, the head cutter 
chips the core top. The effect is that the bit penetrates 
deeper into the material always holding a 20 mm height 
core sample presenting the current depth. When 
desired depth has been reached, the core is broken 
apart from base material with the aid of wedge-shaped 
core lifter by lifting and turning the drill. This action is 
similar to that used  with conventional rock-core drills. 
For sampling of sand or other similar loose soil, 
specially designed flaps can be mounted next to the 
core lifter to hold sample inside the tool during lifting. 

Preliminary tests with different types of cutting 
tools were carried out in early stage of the project. The 
tests show cutting power that would collect a lime-
stone core 10 mm in diameter and 15 mm in height 
within few hours. Quick tests were carried also on very 
hard and abrasive Finnish granite and results indicate, 
that with given  thrust and power it would be possible 
to collect similar rock core in a time frame of tens of 
hours, however, durability and selection of drill bit 
material will be a critical issue (see Table 1). The tools 
that were tested were as following: 
• ∅6 and ∅16 mm impregnated diamond core drills 

for cutting of glass 
• ∅16 conventional hard-alloy-tipped drill for hand-

held hammering drills (Hilti) 
• ∅16 mm hard-alloy tool for metal cutting (∅4 mm 

core) 
• ∅16 mm custom made hard alloy core drill 

(Terä trio) 
• a concept of two surgical knife blades rotating at 

∅16 mm radius (~∅14 mm core) 

 
Hole Drill bit Material Speed

RPM
Force

N
Hole

depth/mm
Speed
mm/h

Duration h

1 diamond Ø 16 Marble 30 24 8.8 0.3 .. 2.5 4
2 hard alloy Marble 30 25 12.1 2.6 5
3 "Hilti" Marble 30 25 17.6 1.9 14
4 diamond Ø 16 Marble 30 24 16.6 1 .. 2.2 8
5 hard alloy Marble 30 25 17.8 2.6 6.5
6 diamond Ø 6 Marble 30 24 11.1 0.5 .. 2.1 6
7 diamond Ø 6 Marble 60 24 13.2 0.7 .. 2.4 6
8 diamond Ø 16 Marble 60 24 15.1 1 .. 2.2 8
9 diamond Ø 6 Limestone 30 24 6.7 0.3 .. 3.9 4.5
10 diamond Ø 16 Limestone 30 24 10.6 1.7 .. 3.4 5
11 knife blades Limestone 30 25 3.4 6 0.5
12 sonic hard alloy Limestone 30 12 4.3 1.5
13 sonic hard alloy Limestone 30 12 6.1 1.5
14 sonic hard alloy Limestone 30 12 2.3 1.5

Different
sonic

vibration
15 Terä trio Limestone 30 27 9.8 18 0.5
16 Terä trio Granite 50 high 0.9 3 10 minutes
17 Terä trio Granite 120 high 6.2 36 10 minutes
18 Terä trio Granite 120 27 2.3 2.2 1.3
19 sonic knife blades Granite 30 12 1.5 0.2 2
20 knife blades Granite 30,

120
12 1 0.2 3

21 Terä trio Granite 120 45 3.1 2.0 1.5
22 Terä trio Granite 120 45 12.9 0.2 .. 1.8 14  

Table 1: Some preliminary MRoSA2 drilling test results [1] 
 

Tecnospazio (TS, Italy)  presents in ref. [2] drilling 
tests that were carried out during years 2001-2002. The 
TS drill tool had a completely different design and it 

drilled a hole 35 mm in diameter, and –upon 
command- acquired a core 14 mm in diameter. Drilling 
force, torque and power were, respectively, higher than 
those for the MRoSA2 drilling tests. The test 
equipment at Tecnospazio was a for-purpose 
developed drilling system that provides axial thrust and 
drill rotation. The drilling  tests were carried into 
several materials: sand, gas concrete, tuff and 
travertine. Table 2 below presents the averaged test 
results and describes performance of this tool 
prototype. 

 
Property Sand Gas 

concrete 
Tuff Travertine 

Material density (g/cm3) 1.43 0.46 1.01 2.44 
Drill Thrust (kgf)  0.3 1.5 0.6 20.0 
Drill Torque (Nm) 0.6 0.9 0.4 2.5 
Drill RPM 22 130 150 70 
Drill Feed Rate  (mm/min) 10.0 4.0 1.4 1.3 
Drill intake power (W) 7.5 7.5 7.5 29.0 

 
Table 2: Tecnospazio 35-mm Drill tool performance in 

different materials [2] 
 

After the tests in TS a new variable called 'Specific 
Drilling Power' (SDP) [W/(mm/min.)] was developed 
to determine cutting efficiency with respect to different 
drilling parameters.  For scientists and mission 
planners time and energy needed for the sampling 
action is  very important information. Time reserved 
for sampling action is away from any other scientific 
measurements and therefore speed of penetration is an 
important factor. Maximum power available may be 
limited due to limitations of solar cell area, RTG 
(radiothermal generator) output or tether cable 
capacity. Available energy may be limited due to time 
available for sampling or due to capacity of batteries or 
other temporary energy storage.  SDP indicates 
directrly how much power [W] is needed to achieve a 
corresponding speed of penetration [mm/min.].  SDP 
depends on properties of test material, tool geometry, 
rotation speed, thrust, and drilling method (rotary, 
percussive or rotary-percussive). In these tests all other 
parameters were kept constant, but effect of drill 
rotation speed and feed rate was studied.  

With a given drill rotation speed a higher thrust 
gives a higher efficiency, or a smaller SDP. Energy 
needed to make a hole depends on grain size 
developed. Energy used to separate a single grain is 
defined by material shear strength and the surface area 
that connects the grain to the base material. In rotary 
drilling the material is removed in the form of fine 
powder where size of grains is very small, and overall 
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grain surface area is high. This leads into high energy 
consumption. With a higher thrust bigger cuttings are 
removed from the material which gives better energy 
efficiency. Increase in rotation speed tends to decrease 
the size of the cuttings (i.e. gives lower energy 
efficiency) unless thrust is increased accordingly.  

SDP multiplied by the depth of hole [mm] gives the 
energy needed for the sample [W-min.] (1 W-min. is 
60 J). The Table 3 below shows how SDP changes 
when feed rate is being increased. This gives a clear 
indication that for a higher efficiency also a higher 
power is needed [2].  

 
Feed rate 

[mm/min.] 
Specific Drilling 

Power [W/(mm/min.)] 
Power input 

[W] 
0.3 37 12 
1.1 23 26 

 
Table 3: TS 35-mm Drill tool performance in 

Travertine with different feed rates [2] 
 
Test setup: For further testing  a new test-setup 

was realized at the premises of Helsinki University of 
Technology.  As for the moment shallow drilling tests 
has been carried out on stones of different hardness, or 
the tests have concentrated merely on sample 
acquisition, the new tests will emphasize on drilling in 
layered sand and in depth exceeding one meter. 

The drilling system is constructed using vertical 
linear guide and a lead-screw as for the linear feed 
system, and a DC-motor as for the drill motor. The 
drill, however, will not be directly coupled to the lead 
screw, but the coupling will have a certain compliance. 
With this arrangement the linear feed can be driven 
step-by-step while between the steps the feed motor 
will be shut down. Continuous or closed-loop feed-
control is not being used which is an attempt to save 
energy and provide a mechanically and electrically 
more simple system. Knowing the spring-ratio of the 
compliance the linear feed can be driven in a desired 
manner to maintain the thrust force at the desired level. 
At the extreme level this control loop can be realized 
completely mechanically which would minimize the 
need for any feed-back or data-transfer used solely for 
control purposes and having no scientific interest. 
Drilling is performed by using the ESA’s MRoSA2 
drill heads. 

The sample to be drilled into is prepared inside a 
transparent vertical box two meters high (see Figure 3). 
For sample construction the best available knowledge 
of the Martian surface composition is used. Inside 
different layers of sedimentary materials also different 
types or rocks are inserted. Some of the tests are 
carried out in environmental chamber where 

temperature can be adjusted down to –20 centigrade.  
Then also some water can be mixed into test materials 
to demonstrate drilling into permafrost layer. Further a 
piping for liquid nitrogen can be placed inside the 
sample container to cool down the sample into even  
lower temperature to be adequate with Martian 
environment. 

 
Figure 3 : Drilling test mechanical setup. 

 
During drilling several variables are being 

monitored: drill motor power input, drill RPM, drill 
motor current (i.e. torque), feed compliance (i.e. thrust 
force) and speed of penetration. Further a temperature 
measuring device can be mounted inside the drill tool 
to monitor temperature of the sample during drilling 
process. 

 
Imitating the Martian regolith: One of the 

remaining challenges, until we really drill through the 
Martian surface is, that there is no exact knowledge on 
what the drill will face. However, there are some 
commonly agreed speculations that what is the 
structure of the soil and rock layers near the surface.  
The Mars Odyssey orbiter has proved the possibility of 
water ice near the surface [8], which might lead to 
harder drilling.  Even if there would be no rocks in the 
drilling spot, the soil might be tied tightly by ice.  

For best guestimate of a typical Martian soil, 
various tests were conducted.  These soil setups varied 
from loose soil to hard bedrock. A basic test setup 
consists of loose and fine sand, with grains on the order 
of a tens to few hundred microns to simulate Martian 
soil type and composition. For the deeper layers of the 
test setup, ranging from ~0,5m to 2 m, different rock 
layers were made. We used mafurite (Uganda, 
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Kyambogo Crater) as an example of igneous stone, and 
carbonatite (from Finland, contains mainly calcite) as 
an example for easier rock drilling. Water ice was used 
to bind the loose soil, and to simulate actual hard, cold 
ice, which the drill would hopefully face. 

 
Imitating the actual space drill: The preliminary 

MRoSA2 drilling tests were carried out with a system 
where the drill thrust was provided by a small mass 
added on top of the drill, and penetration speed was not 
controlled at all. The Tecnospazio drilling tests utilized 
a rigid drilling device that provided steady speed of 
penetration. 

In MRoSA2 tests the test material and cutting 
efficiency of the tool define the speed of penetration. In 
absence of any control of axial feed the system rapidly 
started to oscillate up and down when the cutting tool 
followed the profile that generated at the bottom of the 
drill hole. The TS system, having a constant speed of 
feed, generated a varying amount of thrust that was 
depending on hardness of material and cutting 
efficiency of the tool. 

The real planetary drill operating on the surface of 
Mars will have a weight higher than that used for 
MRoSA2 tests, but possibly less than maximum thrust 
utilized for TS tests. It is desired to maintaing drilling 
forces low enough to guarantee that the roving system 
will stand steady on the surface. In addition to weight 
consideration of the rover, also inertia, i.e. mass, has 
some importance. High inertia, that is mass, would 
allow short force or torque peaks to be generated, that 
would not yet be able to disturb balance of the system. 
For example, the ESA’s ExoMars rover has planned 
mass of 220 kg [4] and NASA’s MSL rover/platform 
more than 100 kg [5], possibly even 600 kg [6]. 

It is essential to define, what is the drilling thrust 
and torque to be, and what would be the rigidity of the 
drilling system. It is worthwhile also to consider if 
added inertia would be a good choice to simulate the 
inertia of the rover. 

Also inertia of the drill rotating parts may have a 
positive effect on drilling performance. Drilling action 
itself is very noisy –especially in non-homogenous 
materials; average drilling torque is much less than 
peak torque. In order to overcome the torque peaks a 
mechanical inertia would set limits for needed motor 
peak power and current and would possibly prevent the 
tool from getting stuck in cavities or other non-
homogenous features of rocks. 

  
Conclusions and future work: The focus of this 

test setup is to define the minimum technical 
requirements for subsurface drilling of Martian regolith 
for future exploration missions. The drilling tests will 

continue on analysing different setups of rock layers, 
and combinations of sand and water. However, the 
testing team is also studying methods to perform the 
analysis in the downhole, instead of bringing all 
samples up. This in-situ analysis would lead to savings 
in time and energy in some cases. However, the data 
collected from the downhole is significantly less that 
can be acquired by a lander-based laboratory. 
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Introduction: The polar wander of Mars has 
been suggested by many investigators.  The 
quasi-circular surface morphology of the deposits 
in the polar region detected by Mariner 9 mission 
led Murray and Malin [1973] to suggest that the 
Martian rotation axis has wandered by 10-20 de-
grees in the last ~100 Myr.  Melosh [1980] 
gradually removed the mass of Tharsis bulge 
while diagonalizing the moment of inertia tensor 
of Mars, and showed that the Martian rotation 
axis has displaced by about 25 degrees due to the 
formation of the bulge.  The similarity between 
the deposits on Mesogaea, south of Olympus, and 
those in the polar region led Schultz and Lutz 
[1988] to suggest a polar path with a total of 120 
degree wandering.   Long-term rotational dynam-
ics of Mars was theoretically investigated by 
Spada et al. [1996] through modeling Olympus 
mountain as a point mass, initially located at 45 
degree latitude on the surface, and allowing the 
mass to reach the equator.  They considered a 
comprehensive suit of internal structure models 
of Mars with mantle viscosity ranging from  1021 
to 1023 and imposed the Murray and Malin's con-
straint of 10-20 degree polar wander in the last 
100 MYr.  The authors concluded that the mass 
will reach the equator within less than 2 Gyr., in a 
much shorter time for low viscosity mantle mod-
els.  It is also shown that a thick elastic litho-
sphere atop a viscous mantle increases polar 
wander because of elastically supporting the sur-
face mass and allowing its greater influence on 
the rotational dynamics of Mars [Willmann, 
1984; Stiefelhagen, 2002].  
 
The Mars Global Surveyor magnetic data have 
provided new evidence for the polar wander of 
Mars.  Arkani-Hamed (2001a) estimated the pa-
leomagnetic pole positions of Mars through mod-
eling 10 small and isolated magnetic anomalies.  
Seven out of the 10 poles clustered within a ra-
dius of 30 degrees centered at 25N, 225E.  Hood 
and Zakharian (2001) modeled the source bodies 
of two magnetic anomalies near the north pole.  

One of the anomalies was included in the 10 
anomalies modeled by Arkani-Hamed, and the 
pole positions of this anomaly determined by the 
authors were very close.  Assuming that the di-
pole core field axis coincided with the rotation 
axis, the clustering of the poles suggests that the 
rotation axis has wandered by about 65 degrees 
since the magnetic source bodies were magnet-
ized.  This critical assumption that links the di-
pole core field axis to the rotation axis presently 
holds for both terrestrial planets with active core 
dynamo, Earth and Mercury, and possibly for 
Earth throughout its history. We make the same 
assumption in this paper. 
 
We present the paleomagnetic pole positions of 
Mars determined through modeling 16 small 
magnetic anomalies.  The previous 10 anomalies 
were extracted from a 50-degree spherical har-
monic model of the magnetic potential of Mars 
(Arkani-Hamed, 2001b) that was derived on the 
basis of the low-altitude (~100-200 km) data.  
The original data had many wide gaps parallel to 
the satellite tracks and the number of original 
tracks passing over each anomaly was limited.  
The track data used by Hood and Zakharian 
(2001) were also extracted from the low-altitude 
data and suffered from the same limited coverage.  
The vast amount of high-altitude magnetic data 
now available provides a good opportunity to ver-
ify the previous results and also identify and 
model additional isolated anomalies.  Hood and 
Richmond (2003) used the new data to model two 
new anomalies in the low latitudes.  The pole po-
sition determined from one of the anomalies fall 
within the 30 degree cluster mentioned above.  
The present study not only includes 6 additional 
magnetic anomalies and uses a huge amount of 
the high-altitude data available, but also employs 
a new space domain algorithm that incorporates 
all three components of the magnetic data.   
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Figure 1 : Position on the surface of Mars of the magnetic anomalies modeled in this study. Anomalies  1 to 10 are 
the anomalies modeled by Arkani-Hamed (2001A). Anomalies 11 to 16 are the new anomalies added in this study. 
The other anomalies are from Hood and Richmond (2003) . Note also that anomaly A and B of  Hood and  Rich-
mond (2003) are the same as the north and south anomalies modeled by Hood and Zacharian (2001). 
 
Paleomagnetic Poles of Mars: The paleomag-
netic pole position of Earth is usually deter-
mined using in situ measurements of the direc-
tion of rock magnetization (e.g., Butler, 1992).  
At present such measurements are not possible 
on Mars.  However, a rough estimate of the 
magnetic pole positions of Mars can be made on 
the basis of modeling magnetic anomalies.  We 
have modeled 16 isolated small magnetic 
anomalies.  For a given anomaly, the three com-
ponents of the magnetic data are extracted from 
both low- and high-altitude data sets and trans-

ferred to a local rectangular coordinate system 
centered on the anomaly.  The coordinate origin 
is on a spheroid with a polar radius of 3375 km 
and an equatorial radius of 3397 km.  The model 
source body is a vertical prism of elliptical cross 
section with uniform magnetization.  Adopting 
an elliptical prism, rather than circular, provides 
an opportunity to change the aspect ratio (major 
axis/minor axis) as well as the orientation of the 
body and minimized the misfit between the ob-
served and calculated anomalies.  
 

 

Sixth International Conference on Mars (2003) 3051.pdf



Arkani-Hamed and Boutin: Polar Wander of Mars 

 

 
Figure 2 : Paleopole positions on Mars. Open circles are south poles , filled circles are north poles. Blue circles are 
the 1 to 10 anomalies results by Arkani-Hamed (2001A). Red circles are the new results obtained in this study. Black 
circles represent pole positions obtained by Hood  and Richmond (2003). Results of Hood  and  Zacharian (2001) 
are identicals to results obtained for anomaly A and B of  Hood  and Richmond (2003). 
 
Figure 2 shows the paleomagnetic pole positions 
determined from the magnetization of the source 
bodies, each is assumed to be magnetized by a 
dipole core field.  We only present one of the 
poles. The core field is upward at the north pole 
and downward at the south pole. Included in the 
figure are the paleomagnetic pole positions de-
termined by Arkani-Hamed (2001A) , Hood and 
Richmond (2003) and Hood & Zacharian (2001) 
for comparison.  The figure shows appreciable 
clustering of the poles.  Although slightly more 
scattered, the cluster overlaps the previous 30 

degree cluster.  The scatter is partly because of 
the noise in the high-altitude data. 
 
One of the important characteristics of the pole 
positions is their appreciable clustering.  If the 
average magnetic pole position coincided with 
the rotation axis of Mars, the cluster center indi-
cates an appreciable true polar wander of Mars, 
likely induced by the formation of the Tharsis 
bulge, the large shield volcanoes such as Olym-
pus and Tharsis mountains, and giant impacts 
such as Hellas, Utopia, Argyre and Isidis.   
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Discussion: Hood and Zakharian (2001) and 
Hood and Richmond (2003) used circular prisms 
to model isolated magnetic anomalies. Arkani-
Hamed (2001A) adopted elliptical prisms.  To 
what extent a paleopole position determined by 
an elliptical model differs from that determined 
by a circular model?  We address this question 
theoretically by calculating the magnetic field of 
a uniformly magnetized elliptical prism, with a 
semi-major axis 400 km and a semi-minor axis 
200 km, and modeling the field by a circular 
prism.  The magnetic field is calculated at 150 
km and 400 km altitudes, the mean elevations of 
the low- and high-altitude data. If the elliptical 
body is magnetized vertically, or horizontally 
but along either the major or the minor axis, the 
paleomagnetic pole position determined by the 
circular prism model coincides with that of the 
elliptical prism.  However, when the elliptical 
body is magnetized at some angle with respect 
to either of its axes, the two palemagnetic pole 
positions differ, by as much as 15 degrees.  The 
difference is more pronounced at 150 km alti-
tude than at 400 km, because the short-
wavelength components of the magnetic field 
strongly attenuate with altitude and the field of 
the elliptical body becomes similar to that of the 
circular model.   The difference is large enough 
to favor the elliptical prism modeling technique.  
The freedom of varying the aspect ratio and the 
orientation of the ellipse, none of which are re-
quired for a circular prism, allows the results of 
elliptical modeling to better fit the observation.    
 
Despite determined efforts made by several in-
vestigators, the pole positions determined by 
modeling the isolated magnetic anomalies must 
be regarded as preliminary.  The high-altitude 
data densely covers almost the entire globe but 
its resolution suffers from the high elevation, 
wavelengths shorted that ~400 km are not accu-
rately reflected in the data (Connerney et al., 
2001).  Moreover, because of proximity to the 
ionosphere (Mitchell et al., 2001), and strong 
attenuation of the magnetic field of the crust 
with altitude of the short wavelength compo-
nents, the signal to noise ratio of the high-
altitude data is low.   The difference between the 
pole position inferred from anomaly M3 in this 

study and those determined from the low-
altitude data alone (Arkani-Hamed, 2001A; 
Hood and Zakharian, 2001) is a good indication 
of the effects of the limited resolution of the 
high-altitude data.    At the present, the accuracy 
of a given   paleopole position must be decided 
upon agreement of the results obtained by dif-
ferent authors using different methods. 
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Introduction

Wind deflation and deposition are powerful agents of sur-
face change in the present Mars climate regime. Recent studies
[1] indicate that, while the distribution of regions of potential
deflation (or erosion) and deposition is remarkably insensitive
to changes in orbital parameters (obliquity, timing of perihe-
lion passage, etc.), rates of aeolian surface modification may
be highly sensitive to these parameters even if the atmospheric
mass remains constant. But previous work [2] suggested the
atmospheric mass is likely to be sensitive to obliquity, espe-
cially if a significant mass of carbon dioxide can be stored in
the regolith or deposited in the form of massive polar caps.
Deflation and erosion are highly sensitive to surface pressure,
so feedback between orbit variations and surface pressure can
greatly enhance the sensitivity of aeolian modification rates to
orbital parameters.

We used statistics derived from a 1 Gyr orbital integration
of the spin axis of Mars, coupled with 3-D general circula-
tion models (GCMs) at a variety of orbital conditions and
pressures, to explore this feedback. We also employed a sea-
sonally resolved 1-D energy balance model to illuminate the
gross characteristics of the long-term atmospheric evolution,
wind erosion and deposition over one billion years. We find
that seasonal polar cycles have a critical influence on the ability
for the regolith to releaseCO2 at high obliquities, and find that
the atmosphericCO2 actually decreases at high obliquities due
to the cooling effect of polar deposits at latitudes where sea-
sonal caps form. At low obliquity, the formation of massive,
permanent polar caps depends critically on the values of the
frost albedo,Afrost, and frost emissivity,εfrost. Using our
1-D model with values ofAfrost = 0.67 andεfrost = 0.55,
matched to the NASA Ames GCM results, we find that perma-
nent caps only form at low obliquities (< 10 degrees). Thus,
contrary to expectations, the Martian atmospheric pressure is
remarkable static over time, and decreases both at high and
low obliquity. Also, from our one billion year orbital model,
we present new results on the fraction of time Mars is expected
to experience periods of high and low obliquity. Finally, using
GCM runs at a variety of pressures, we examine the likely
role of wind erosion under an early more massive Martian
atmosphere.

Seasonal polar cycles and regolith adsorption

For our long-term climate model, we couple the results
of the evolution of the obliquity of Mars [3] to a 1 Gyr so-
lar system evolution model [4]. Our 1-D energy balance and
regolith adsorption model follows closely that of Fanale and
Salvail [2], with one important difference. We use a season-
ally resolved 1-D energy balance model matched to the GCM
results to compute the surface temperatures and atmospheric
pressure throughout the year. The inclusion of the seasonal

Figure 1: Results for the full climate model over the last 10
Myrs. The upper plot shows the atmospheric pressure as a
function of time, the lower plot shows the planet’s obliquity
variations over the same period. Note the slight decrease
in atmospheric pressure at high obliquities. Also, perma-
nentCO2 caps do not form under the model conditions with
Afrost = 0.67 andεfrost = 0.55. The initial slight decrease
in pressure att = 0 is the result of the model equilibrating
after spinup from the initial regolith temperature profile.

polar processes has striking implications for the long term
results. Figure 1 shows the atmospheric pressure (top) and
obliquity (bottom) for the last 10 Myrs. We find that the atmo-
spheric pressure is roughly constant over recent history, and at
high obliquities, the atmospheric pressure actually decreases
slightly. As seasonal polar caps reach lower and lower latitudes
as the obliquity increases, the annual average temperature also
decreases at those latitudes. This results in a reduction in the
global temperatures, even if the annual average cap tempera-
ture increases (Figure 2, bottom plot).

Permanent cap formation
The formation of permanent polar caps has the potential

to remove nearly all of the atmosphericCO2 reservoir in less
than 100,000 years. During periods of low obliquity, decreases
in the annual average polar insolation result in the formation
of massive polar caps. While massive, these caps tend to cover
a relatively small area. In addition, the actual extent and mass
of these caps depends on the frost albedo, the frost emissivity,
effects due to latent heat transport, dust content, as well as
the composition of the polar deposits. Using the seasonal 1-
D energy balance model, we track the reservoir ofCO2 that
persists during the summer season, and attempt to isolate the
effects of at least two of these factors:CO2 frost albedo and
emissivity.

There is a large range of potential values for both the
CO2 frost albedo and the frost emissivity from the literature.
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Figure 2: Surface temperature as a function of latitude, re-
sults of the full model. The blue dashed lines are derived by
using the annual average insolation and the red lines are the
annual average temperature calculated from our model with
seasonally resolved polar caps. The polar cap extent at high
obliquity tends to decrease the annual average temperature,
compared to expectations from the annual average insolation.
This results in a decrease in annual average temperature at
middle and higher latitudes, and a corresponding decrease in
atmospheric pressure at high obliquities. The equatorial tem-
peratures, which are not influenced by polar processes, match
the temperatures derived from the annual average insolation.

Fanale and Salvail [2], with a model that calculated the annual
average insolation to derive surface temperatures as a function
of latitude, used the totalCO2 budget in the atmosphere-cap-
regolith system as a free parameter, andAfrost = 0.67 and
εfrost = 0.90, to develop a model that allowed Mars to form
permanent polar caps at a critical obliquity very near to the
present value. However, there is some debate as to whether or
not the polar deposits on Mars contain any appreciable amounts
of CO2 ice [5].

Detailed theoretical calculations of the albedo and emis-
sivity of CO2 snow [6] show the range of possible values de-
pending on grain size, snow density, and other factors. Coarse
grainedCO2 snow (∼ 2000µm), for example, has a spectrally
averagedAfrost = 0.35 and εfrost = 0.91. Fine grained
CO2 snow (∼ 5 µm), on the other hand, hasAfrost = 0.94
andεfrost = 0.39. The emissivity can also be a function of the
snow density, owing to interparticle interference or "near-field
effects". This effect is strongest for fine grainedCO2 snow,
where a 30 % increase in density (from 0.7 to 1.0g cm−3) re-
sults in an increase in the spectrally averaged emissivity from
0.40 to 0.52 [6]. The effect is almost non-existent for grain
sizes greater than∼ 500 µm.

Without detailed information about the state of any per-
manentCO2 deposits on Mars, we take a slightly different
approach from past studies. We have matched the results of
our seasonal 1-D energy balance model to results from the
GCM, which in turn has been matched to the Viking lander

Figure 3: The critical obliquity where cap formation begins as
a function of frost emissivity.

observations. We find that a frost albedo similar to [2], but a
much lowerεfrost = 0.55, matches the observed Viking data
and the seasonal polar deposits in the GCM model quite well.
However, using this low value for the emissivity means that
Mars does not form polar caps except at obliquities smaller
than 10 degrees.

We use our seasonal model to predict the critical obliquity
of permanentCO2 cap formation as a function of the frost
emissivity and albedo. Using constant orbital parameters, we
vary only the obliquity, from 0 – 60 degrees, for values of
emissivity and albedo ranging from 0.50 – 0.95. In the models
with varying emissivity, we keepAfrost fixed at 0.67, and in
the models with varying frost albedo, we keepεfrost fixed at
0.55. Each model is run for 125,000 years to make sure the
seasonal reservoirs, annual reservoirs, and the regolith ther-
mal model come to equilibrium for the obliquity in question.
Finally, for each value of the emissivity and frost albedo, we
choose the obliquity which shows the smallest non-zero per-
manent polar deposit (on either pole) as the critical obliquity
of cap formation.

Figures 3 illustrates the dependence of cap formation on
the emissivity of polar deposits. As we increase the emissivity,
the polar cap temperature decreases, facilitating cap formation.
We note that the value ofεfrost = 0.90, chosen by [2], does
indeed place the critical obliquity closer to the current value.
However, using our value ofεfrost = 0.55, we find Mars will
form permanent caps only during periods of extremely low
obliquity of less than 10 degrees, assuming a frost albedo and
emissivity of 0.67 and 0.55 respectively. This corresponds to
only 1 percent of the orbit during the last 1 Gyr (see Table 1).

Figure 4 shows how changing the value ofAfrost affects
the critical obliquity of polar cap formation. Here, we see
a much stronger dependence on the value ofAfrost. With
εfrost = 0.55, we see a low critical obliquity of cap formation.
However, if theCO2 albedo increases, the critical obliquity
for cap formation also increases.

CO2 deposits on Mars today may also have lower albedos
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Figure 4: The critical obliquity where cap formation begins as
a function frost albedo.

Table 1: Fraction of time spent at values lower than the spec-
ified obliquity, with and without Tharsis, for the 1 Gyr orbital
model.

θ (degrees) Frequency, % Frequency, %
Tharsis No Tharsis

< 5 0 2
< 10 1 7
< 20 12 30
< 30 48 62
< 40 84 84
< 50 99 99
< 60 100 100

due to dust inclusions in the deposits. The effects of dust on
the albedo can be significant, even for small amounts of dust.
Work based on dust inclusion inH2O snow [7] showed that
even small concentrations of dust (one part in 1000) can cause
the albedo of the deposit to asymptotically approach the dust
albedo. In the case ofCO2 on Mars, the frost albedo can be
suppressed by modest dust inclusions.

Regardless of the current value ofAfrost, an interesting
scenario presents itself. As we approach the critical obliquity,
massiveCO2 caps will form. As the cap formation depletes
the atmospheric reservoir, the atmospheric dust will also be-
come depleted. This will initially decrease the frost albedo.
However, the final deposits from the relatively dust-free at-
mosphere will cause theCO2 albedo to jump sharply, as the
final deposits will be composed primarily of pureCO2. As
the obliquity begins to increase once again, these deposits will
persist past the previous value of the critical obliquity, causing
a delayed release of the permanent deposits. This hysteresis
effect may provide an explanation for the persistence of small
amounts ofCO2 ice even at high obliquities. It may even
provide an explanation for their instability, as observed in the
receded pits and scarps in high-resolution images of the south
polar regions [8].

Figure 5: The variations of the planetwide averages ofut (blue
diamond),u0 (red square), andκ (green triangle) with pres-
sure, normalized to the baselineP = 7.01 mbar run. The solid
lines and symbols are values derived from the GCM runs. For
small changes in pressure, changes inut dominate.

Winds on Early Mars
The surface wind stress is capable of liberating material

from the surface only if the friction velocity surpasses the
threshold friction velocity,ut. Utilizing the work of [9], we
find that for a fixed particle size of 100µm, the surface friction
velocity, to first order, is fit well by a power law

ut = Cρ−α, (1)

whereρ is the atmospheric density,C is a constant, andα ∼
0.5. Based on this simple relationship, we expect increases in
atmospheric density (corresponding primarily to increases in
pressure) to reduce the threshold friction velocity for a given
particle size.

Results from our long-term climate model suggest that
the atmospheric pressure is remarkably constant over time.
However, this does not preclude a higher atmospheric pressure
early in Mars’ history. We used three GCM runs with global
mean pressures of 7.01, 14.02, and 28.04 mbars to explore
the effect increasing the atmospheric pressure has on the wind
speeds. Following previous work [10], we use a Weibull’s
distribution function to fit the distribution of surface friction
velocities on Mars.

P (> u∗) = e(−u∗/u0)κ

(2)

describes the cumulative probability distribution function (PDF),
or the frequency of wind speeds greater than a given surface
friction velocity,u∗. The scale speed (approximately the mean
value of the wind speed,̄u∗, over several sols) is given byu0

andκ is the “gustiness” factor.
Figure 5 shows the global average in both time and space of

ut, u0, andκ as a function of atmospheric pressure, normalized
to theP = 7.01 mbar run. The averages are derived by taking
the ratio ofut, u0, andκ at each point and performing an
annual average over all latitude and longitude bins. The solid
lines and symbols are direct averages from the GCM runs.

Sixth International Conference on Mars (2003) 3064.pdf



REFERENCES

We see that as the mean pressure increases, on average
the scale speed of the distribution decreases. However, while
the denser atmosphere has lower wind speeds on average, they
also have more frequent high speed winds, as indicated by the
decreasing value ofκ. Also, we see that for small increases
in pressure, the value ofut decreases dramatically. Therefore,
we expect increasing surface pressure to increase potential
erosion, at least over this range of pressure change.
Conclusions

By incorporating the seasonally resolved polar cycle into
our long term 1-D energy balance model, we have unearthed
several important considerations for the long-term climate evo-
lution on Mars. First, the atmospheric budget is roughly con-
stant over time. Also, the formation of permanent polar caps
is rare, occurring less than 1 % of the time over the last 1
Gyr. This implies that changes in atmospheric pressure over
the last 1 Gyr play a relatively minor role in wind erosion on
the surface of Mars. However, topographically induced pres-
sure differences can be very important. Lastly, we expect that
a modest increase in pressure on Early Mars, while slightly
decreasing the overall wind speeds, will result in enhanced
erosion, since the difference betweenu0 andut becomes more
pronounced, while the overall frequency of high speed winds
(denoted by smallerκ) increases.
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SCIENCE RATIONALE ASSOCIATED WITH THE MARS EXPLORATION 
ROVER MERIDIANI PLANUM LANDING SITE.  Raymond E. Arvidson, Washing-
ton University, One Brookings Drive, Campus Box 1169, St. Louis MO 63130 (arvid-
son@wunder.wustl.edu). 
 
 
The Meridiani Planum Mars Exploration Rover landing site is located on smooth plains 
that expose the top stratum of a widespread layered complex that overlies Noachian cra-
tered terrain.  This top unit is interpreted from MGS TES spectra to exhibit up to 15% by 
area of gray crystalline hematite, mixed with basaltic materials.  Further, the unit exhibits 
dark, featureless plains, dark dunes, and inter-dune areas that expose bright underlying 
strata. Several hypotheses have been developed for emplacement and/or modification of 
the deposits and the widespread occurrence of hematite.  The hypotheses include deposi-
tion in a large lake basin in oxygenated waters, accumulation and subsequent hydrother-
mal alteration of volcaniclastic deposits, and anhydrous oxidation of magnetite during 
emplacement as volcanic flows.  The rover, with its Athena Payload, will be able to char-
acterize the dark and bright materials exposed within a few hundred meters of the landing 
site, including use of Pancam and Mini-TES to determine the morphology and mineral-
ogy of the units, and deployment of the Microscopic Imager, Moessbauer and Alpha Par-
ticle X-Ray Spectrometers onto key targets for in-situ observations.  Particular attention 
will be given to delineating morphologic, textural, and mineralogical evidence to test 
among and update the hypotheses for the origin and evolution of the deposits, particularly 
the role of water in formation of hematite. 
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Introduction: The two 2003 Mars Exploration 

Rovers (MERs), in combination with the Athena Pay-
load, will be used as virtual instrument systems to infer 
terrain properties during traverses, in addition to using 
the rover wheels to excavate trenches, exposing subsur-
face materials for remote and in-situ observations [1].   

Rover Models.  The MERs are being modeled using 
finite element-based rover system transfer functions 
that utilize the distribution of masses associated with 
the vehicle, together with suspension and wheel dy-
namics, to infer surface roughness and mechanical 
properties from traverse time series data containing 
vehicle yaw, pitch, roll, encoder counts, and motor 
currents (Figures 1 and 2).  These analyses will be sup-
plemented with imaging and other Athena Payload 
measurements. The approach is being validated using 
Sojourner data [2], the FIDO rover [3], and experi-
ments with MER testbed vehicles.   

 
 
 

 

Trenching.  In addition to conducting traverse sci-
ence and associated analyses, trenches will be exca-
vated by the MERs to depths of approximately 10-20 
cm by locking all but one of the front wheels and rotat-
ing that wheel backwards so that the excavated material 
is piled up on the side of the trench away from the ve-
hicle.  Soil cohesion and angle of internal friction will 
be determined from the trench telemetry data.  Emis-
sion spectroscopy and in-situ observations will be 
made using the Athena payload before and after imag-
ing.  Trenching and observational protocols have been 
developed using Sojourner results [2]; data from the 
FIDO rover [3], including trenches dug into sand, mud 
cracks, and weakly indurated bedrock (Figures 3 and 
4); and experiments with MER testbed rovers.  Particu-
lar attention will be focused on Mini-TES measure-
ments designed to determine the abundance and state 
of subsurface water (e.g. hydrated, in zeolites, residual 
pore ice?) predicted to be present from Odyssey 
GRS/NS/HEND data [4].   

[1] Arvidson, R.E. et al. (2002) Science & Tech-
nology Experiments Associated with the 2003 Mars 
Exploration Rovers, JGR, in press.  [2] Moore, H.J. et 
al. (1999) JGR, 104, E4, 8729-8746.  [3] Arvidson, 
R.E. et al. (2002) JGR, 107, E9, 
10.1029/2000JE001464. [4] Boynton, W.V. et al. 
(2002) Science, 297, 5578, 81-85. 

 
 
 
 
 

Figure 1. Numerical simulation of rover with 
MER-like mass distribution, suspension, and 
wheels rolling down an 8 degree slope and 
over topographic obstacles.  View is tilted by 
8 degrees so that surface appears to be hori-
zontal. 
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Figure 2. Simulated telemetry showing rocker and bogie pivot angles as 
function of time during the rolling experiment with MER-like vehicle.  The 
number of wheel turns for the rear wheel is shown on the bottom panel.  The 
topography encountered beneath the center of the rover is shown as a dotted 
line for the top two panels.  For the bottom panel, the topography is shown 
beneath the center of the rear wheel.  The compressed topographic profile 
with the increasing time is due to rover acceleration.  Note that this simula-
tion is the first step toward making a fully MER-like model with powered 
and steerable wheels.  For the simulation shown, the wheel resisting torques 
were lowered relative to MER conditions to allow rolling on an 8 degree 
slope. 
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Figure 3. FIDO created a trench in loose sand with front left drive wheel by holding 5 wheels fixed and rotating 
the front wheel in reverse by ~6 wheel revs.  Rover approached site and trenched, backed off and imaged trench, 
approached site again and trenched, backed off and imaged trench, approached site again and trenched twice 
(motor stalled on second trench attempt), backed off and imaged trench. Final trench was 7-8 cm deep. 

Figure 4. Microscopic Imager on FIDO instrument used to acquire stereo images with 5 mm horizontal and  
lateral spacing between images 
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ASTROBIOLAB: A MOBILE BIOTIC AND SOIL ANALYSIS LABORATORY.  J. L. Bada 1, A. P. Zent2, F.
J. Grunthaner3, R. C. Quinn4, R. Navarro-Gonzalez5, B. Gomez-Silva6, and C. P. McKay2, 1University of California
at San Diego (Scripps Institution of Oceanography, La Jolla, CA 92093-0212, jbada@ucsd.edu) , 2NASA Ames Re-
search Center, 3NASA Jet Propulsion Laboratory, 4SETI Institute , 5Universidad Nacional Autonoma de Mexico,
6Universidad de Antofagasa, Chile.

Introduction: The Jet Propulsion Laboratory,
Scripps Institution of Oceanography, and  NASA
Ames  Research Center are currently developing a mo-
bile Astrobiology Laboratory (AstroBioLab) for a se-
ries of field campaigns using the Chilean Atacama De-
sert as a Martian surface analog site. The Astrobiology
Science and Technology for Exploring Planets
(ASTEP) program funded AstroBioLab is designed
around the Mars Organic Detector (MOD) instrument
and the Mars Oxidant Instrument (MOI) which provide
complementary data sets. Using this suite of Mars In-
strument Development Program (MIDP) and Planetary
Instrument Definition and Development Program
(PIDDP) derived in situ instruments, which provide
state-of-the-art organic compound detection (attomolar
sensitivity) and depth profiling of oxidation chemistry,
we measure and correlate the interplay of organic
compounds, inorganic oxidants, UV irradiation and
water abundance. This mobile laboratory studies the
proposition that intense UV irradiation coupled with
low levels of liquid water generates metastable oxi-
dizing species that can consume moderate amounts of
seeded organic compounds.  Results from the initial
spring 2003 field campaign will be presented.

Viking Results: Today, nearly three decades after
the mission, the results of the Viking biology experi-
ments remain to be fully explained. These experiments
revealed properties of the Martian surface material that
are puzzling in three respects: (1) the release of O2 gas
(70–770 nanomoles g-1) when soil samples were ex-
posed to water vapor in the Gas Exchange Experiment
(GEx) [1]; (2) the ability of the surface material to
rapidly decompose aqueous organic material that was
intended to culture microbial life in the Labeled Re-
lease Experiment (LR) [2]; and (3) the apparent ab-
sence of organics in samples analyzed by gas chroma-
tography and mass spectroscopy (GCMS)[3].

Oxidants on Mars: The most widely accepted ex-
planation for the results of the GEx and LR experi-
ments is the presence of oxidants in the Martian soil.
Differences in stability of the active agents in the two
experiments suggest that the GEx and LR oxidants are
different species and that at least three different oxi-
dizing species are needed to explain all of the experi-
mental results [4]. However, since the publication of
the Viking results, no chemical model has been pre-
sented which can explain all the important details of
both the GEx and the LR results [5] and, although nu-
merous hypotheses have been presented, the chemical
nature and identity of the soil oxidants remain un-
known.

Atmospheric Water: While there is general
agreement about the importance of UV irradiation in
the generation mechanism of Martian oxidants and the
decomposition of organic compounds, the role of water
is more problematic. In the course of our development
of in situ reactivity monitoring instrumentation (the
Mars Oxidant Experiment (MOx) and the Mars At-
mospheric Oxidant Sensor (MAOS)) we have found
that many of the more virulent superoxide compounds
react strongly with water vapor. The first reaction
product of water with the inorganic oxidant is the gen-
eration of a strong base that rapidly accelerates reac-
tions (by orders of magnitude) with both organic and
inorganic materials. These reactions modify the surface
chemistry of the fine grained solids or soils in ways
that could seriously affect residual organic compounds
that might be trapped and preserved in the medium. A
critical reassessment of the Viking results by Benner
[6], has suggested that the diagenesis of meteoritic or
biotic organic material in an oxidizing environment
could have lead to carboxylic acid intermediates.
These salts would have had low volatility and conse-
quently not have been detected by the Viking GCMS
experimental protocol. One key component of this ar-
gument lies in the critical role of water in the known
oxidation mechanisms of complex organic molecules.
Low levels of water could stabilize highly reactive
metastable oxidants, but could also give rise to kineti-
cally-stabilized and partially-oxidized organic materi-
als. Higher levels of water could react with photo-
chemically generated strong oxidants lowering their
net concentration. This could shift the steady state bal-
ance of organic influx and environmentally induced
oxidation leading to higher levels of organics. Still
higher abundances of water could enable the develop-
ment of more complex organic molecules that might
prove more resistant to photochemically enhanced oxi-
dation.

Atacama Test Sites: AstroBioLab field experi-
ments are being performed in the Atacama Desert,
which is located along the northern Chilean pacific
coast from 30° S to 20° S latitude (figure 1). The part
of this region between 22° S and 26° S is extremely
arid; its total rainfall is only a few millimeters over
decades [7] making it one of the driest deserts in the
world. These conditions have existed in the region for
10-15 Myrs [8], making it one of the best analogs on
Earth for the present dry conditions on Mars. The dri-
est parts of the region appear to be depleted in, and in
some cases essentially devoid of, life, including hy-
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polithic algae that are found in other arid deserts on
Earth.

Studies of the presence of culturable bacteria in the
Atacama region from 24° S to 28° S indicate that the
quantity and diversity of heterotrophic bacteria in-
crease as a function of local water availability. In the
driest regions (24° S) there are sites where no bacteria
could be isolated. The driest, apparently sterile, regions
also are extremely depleted of carbon in the soil. Soils
collected from these regions were reported to be es-
sentially free of organic matter based on a flash pyro-
lysis GCMS analysis protocol similar to the Viking
GCMS experiment [9]. The causes of  the depletion of
organics in some regions have not yet been established.

The existence of
organic-depleted,
apparently sterile
soil is a remark-
able Earth analog
of the martian
surface material.

Another strik-
ing feature of the
Atacama are the
large nitrate de-
posits, probably of
atmospheric ori-
gin [10], that have
not been biologi-
cally decomposed.
These deposits are
known to contain
highly oxidized
salts, including
iodates (IO3

-),
chromates (CrO4

-2), and the only known naturally oc-
curring deposits of perchlorate (ClO4

-) [11]. The oxi-
dized inorganic salts are postulated to be formed by
UV irradiation without the presence of water at levels
that would reduce the material.

The field campaign includes collaborative efforts
that will acquire correlative measurements, including
soil wet chemistry, mineralogical characterization, UV
flux and humidity time series, nitrogen cycle chemis-
try, and organic infall measurements. The results of
these investigations will provide additional constraints
on the Atacama carbon cycle model.

AstroBioLab In Situ Instrumentation: Mars Or-
ganic Detector (MOD). MOD is an miniaturized in situ
instrument that has been developed to search for traces
of the key organic compounds, amino acids/amines
and PAHs, directly on the Martian surface [12]. It is
based on the following concepts: (a) Amino acids and
PAHs can be directly sublimed from natural samples
by heating to 450°C under partial vacuum, thus elimi-
nating the use of the aqueous reagents and organic sol-
vents used in benchtop analyses; (b) sublimed amino

acids condensed on a cold finger coated with a reagent
specific for amino acids can be detected at very high
sensitivities using UV-induced fluorescence; and (c)
sublimed PAHs can be directly detected on the cold
finger because they are naturally fluorescent when ex-
posed to UV light. In our characterization experiments,
natural samples including crushed fossil shells, carbo-
naceous deep ocean sediments and crushed samples of
the Murchison meteorite, have been analyzed using a
sublimation apparatus evacuated to 5–6 torr to ap-
proximate Martian atmospheric pressure [13]. Primary
amines were found to react with the reagent fluo-
rescamine coated on the cold-finger surface to yield
intensely fluorescent derivatives. Experiments indicate
that the fluorescamine reaction proceeds in the dry
state; no solvent is necessary. Amino acid/amine de-
tection limits with this method are in the 10–13 mole
range. Thus, amino acids, present in a Martian sample
at a level of a few parts per trillion, would be detect-
able by this fluorescamine-based method. The detec-
tion of sublimed PAHs can be carried out directly on
the cold finger under identical conditions without de-
rivatization reagents because these compounds are ex-
tremely fluorescent when irradiated with near UV
light. Detection limits are in the 10 to 100 femtomole
(10–14 to 10–15 mole) range. This work resulted in the
MIDP funded development of the MOD survey in-
strument  to the brassboard level. This instrument (fig-
ure 2) consists of a high purity pyrolytic boron nitride
crucible

Figure 2. MOD prototype design and hardware components.

Figure 1. AstroBioLab targets the
three starred sites in the Atacama
Desert for field campaigns.
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with imbedded and encapsulated pyrolytic graphite
heaters used to heat a powdered sample to 175 to 450
°C, thereby developing a low level flux of volatile
PAHs, amino acids and amines. The sample chamber
uses gate valves at the top and bottom of the assembly
to control specimen introduction and ejection. The
evolved flux is passed into the “oven assembly area”
and focused on a transparent cold finger (diamond-like
carbon), which has been coated with the fluorescamine
reagent. The PAHs, amines and amino acids condense
on the cold finger (temperatures from –200 °C to 25
°C, background pressures of microns to 10 torr) and
are detected by UV excitation at 375 to 405 nm of the
fluorescamine/ amino acid adduct with an avalanche
photodiode. The method is particularly sensitive be-
cause only the amine adduct (not the unreacted rea-
gent) fluoresces.

A second version of the instrument (MOD II) is
currently under development by ASTID funding to use
subcritical water extraction to remove low level
amines, amino acids, carboxylic acids and PAHs from
powder samples and to integrate a capillary electropho-
resis (CE) analyzer with the detection cold finger. The
integrated MOD II CE system will provide separation,
detection and identification of these compounds along
with chiral resolution and measurement of enanti-
omeric ratios for assessment of biotic or abiotic
sources.

Mars Oxidant Instrument (MOI). MOI is the result
of an extended development of in situ instrumentation
designed to probe the reactivity of Martian soil and
solid samples to validate the oxidant hypothesis and
determine the chemistry and chemical mechanisms of
the process. The first of these miniature chemical labo-
ratories was the Mars Oxidation Experiment (MOx)
which flew as part of the ill-fated Mars 96 mission.
The basic principle [14] is to expose a set of reference
reactants, each with a different oxidation potential, to a
powdered sample.

The extent of reaction is carefully monitored by
following the change in either refractive index or re-
sistivity of the thin film sensor, as a function of time,
temperature and water abundance. Multiple films are
exposed simultaneously, and the collective response is
analyzed using a chemometric approach. The MOx
instrument used a fiberoptic detection scheme, and
more recent implementations have used chemiresistors
as the sensors.

The MOI instrument was developed through MIDP
funding to measure the reactivity of powdered solids
and to provide for activation of oxidation chemistry
through controlled addition of water vapor. The MOI
instrument was brought to the brassboard level and a
photograph of the sensor package mounted on the sup-
porting electronics board is given in figure 3, along
with a  data plot showing the interaction of a 150 Å Ag
film with dilute potassium superoxide in palagonite.

Note that the reaction rate is a strong function of the
water vapor level. The sensitivity of the approach is
limited by the exposure time/ temperature/ water pro-
file and measurement of 0.001 monolayers of reaction
is a typical limit. The MOI cell is a single use meas-
urement where powdered sample is added to the sensor
cup that is then hermetically sealed for the duration of
the experiment (days to months). In the field imple-
mentation of MOI for this experiment, 24 test cells will
be provided on the sample deck for each campaign site
with the ability to replenish cell packages as needed.
The technology of MOI is based on a number of ad-
vances in semiconductor processing. The sensor units
are produced in 64 unit batches. Highly reactive films
are deposited on the sensor substrate in the laboratory,
then sealed with a thin membrane of silicon nitride and
stored until use. Just before sample introduction, the
seal membranes are removed electrically, providing
pristine material for the experiment.

Conclusions: The AstroBioLab conducts a set of
carefully controlled field experiments to ascertain the
chemical interrelationship between low surface water
concentrations, UV excitation, possible mineral surface
catalysis and the diagenesis of atmospherically trans-
ported organic infall. The comparison of three field
sites ranging from sterile (virtually carbon free) to
biologically colonized with identical geology and with

Figure 3. The MOI prototype to measure the reac-
tivity of powdered samples was developed under
MIPP funding. The spectrum shows the MOI re-
sponse of a silver film to ppm levels of the oxidant
KO2 mixed with palagonite.
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major differences in water abundance provides a
unique system to study the role of water and UV ra-
diation in organic compound degradation. The use of
in situ instruments on a sterilized platform optimizes
the ability to study metastable oxidation chemistry and
uncontaminated low level organic residues. The results
of the study and field campaign will demonstrate the
efficacy of integrated in situ astrobiology instrumenta-
tion focusing on organic compound detection and oxi-
dation chemistry. Finally, the field campaign and ex-
perimental results will measurably enhance our under-
standing of the limits and constraints of life in extreme
environments.
References: [1] Oyama V. I. and. Berdahl B. J (1977) JGR,
82, 4669–4676. [2] Levin G. V. and Straat P.A. (1977)  JGR,
82, 4663 - 4667.  [3] Biemann K. et al. (1997) JGR, 82,
4641-4658. [4] Klein H. P. (1978) Icarus  34, 666–674. [5]
Zent A. P. and McKay C. P. (1994)  Icarus, 10,8 146–157.
[6] Benner S.A. et al.  (2000) Proc. Natl. Acad. Sci., USA,
97, 2425-2430. [7] McKay C.P. et al. (2003)  J. Arid Envi-
ron., Submitted. [8] Ericksen G.E. (1983)  Amer. Sci., 71,
366-374. [9] Navarro-Gonzalez R. (2003) Science, In review.
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Introduction:  While  it has long been obvious from 
geomorphological evidence that Mars, like Earth, is a 
water-rich planet [1], this fact has proven difficult to 
reconcile with various aspects of Martian geochemistry 
and geophysics [2].  Indeed, theorization about water 
on Mars has been highly controversial, with various 
atmospheric models for early Mars proposing: (a) 
warm, wet conditions generated by an intense CO2 
greenhouse [3], (b) denial that such a greenhouse is 
possible [4], so that geothermal heat is necessary to 
produce temporary water flow for valley formation [5], 
and (c) that high impact rates early in Mars history 
explain the release of water for valley formation [6].  
There has even been speculation that Martian land-
forms can be explained without any role for water at all 
[7]. This debate is made particularly interesting by the 
stunning confirmation of large quantities of near-
surface water (ice) on Mars [8] and the documentation 
of many water-related Martian landforms that are ex-
ceptionally young in age [9]. 
    The landforms that lead to the recognition of a water-rich 
Mars have long been interpreted to have fluvial, lacus-
trine, littoral, glacial, wet mass-movement, ice-rich 
permafrost, and volcano-ice-water origins.  Of course, 
these interpretations have all been intensely debated 
[2], and alternative, nonaqueous explanations have 
been proposed for nearly every landform  to which 
aqueous origins have been ascribed.  While all these 
explanations are certainly reasonable for isolated ad 
hoc instances, they do not provide any sense of a unify-
ing theme as to how the Martian landscape works.  
They are united only by their denial of a significant 
role for liquid water and/or greatly changed past Mar-
tian climates.  This view may be partly motivated by a 
Mars-specific version of the uniformitarian principle, 
which holds that the present-day, cold-dry Mars condi-
tions (7 millibar atmospheric pressure, mean annual 
temperature of about -600 C and colder) are better pos-
tulated for the Martian past than are any speculations 
about warmer, wetter conditions.  Though logically 
flawed, this mode of reasoning has a long history of 
influence in geological thinking [10].  A potentially 
more fruitful approach for interpreting the Martian 
landscape is somewhat provocatively stated as follows: 
if this entire assemblage of (apparently) water-related 
landforms, as manifested both in time and spatial asso-
ciation (these being demonstrated by geological map-
ping), were observed in some newly discovered region 
of Earth, there would be absolutely no question in re-

gard to its aqueous origins.  It is in this spirit that this 
brief review is pursued. 
     In outlining a geological history of water on Mars it 
is essential to distinguish the “early Mars” (Noachian) 
epoch during which impacting rates by meteors and 
comets were much higher than afterward.  This early 
Mars (Noachian) epoch is best recorded in the heavily 
cratered highlands of the planet, mostly in equatorial 
and southern latitudes.  There is also evidence that the 
low-lying northern plains of Mars are underlain by 
large impact basins that were emplaced during this 
early heavy bombardment period [11], but these are 
now extensively buried by younger lava flows and/or 
sediments.  Based on a selective interpretation of the 
Mars fluvial history, a common view, especially among 
theoreticians, is that nearly all the aqueous activity on 
Mars was concentrated into this early epoch.  For con-
venience we label this the MIDDEN hypothesis (Mars 
Is continuously Dead and Dry, Except during the Noa-
chian). 
 
       Fluvial. The two main varieties of fluvial land-
forms on Mars are valley networks and outflow chan-
nels.  A great many of the valley networks occur in the 
old cratered highlands of Mars, leading to the view that 
nearly all of them formed during the heavy bombard-
ment, as presumed by the MIDDEN hypothesis.  The 
outflow channels, in contrast, involve the immense 
upwelling of cataclysmic flood flows from subsurface 
sources, mostly during post-Noachian periods of Mar-
tian history.  The transition from a more aqueous phase 
in the Noachian, with a progressively thickening ice-
rich permafrost zone in post-Noachian time, is the basis 
for theories that explain the outflow channels as prod-
ucts of subsurface water confined by this process [12, 
13].  Certainly, there is strong evidence, notably from 
impact crater morphologies, that much of the Martian 
surface is underlain by a thick ice-rich permafrost zone, 
a “cryolithosphere”.  Nevertheless, the geological re-
cord shows that highland valley formation extended 
into the period after the heavy bombardment [14], and 
much younger valley networks are extensively devel-
oped on some Martian volcanoes [15, 16]. 
     An alternative to the linear model of cryosphere 
thickening is that outflow channel activity is related to 
episodic heat flow and volcanism [17].  This hypothe-
sis is now known by the acronym MEGAOUTFLO: 
Mars Episodic Glacial Atmospheric Oceanic Upwell-
ing by Thermotectonic Flood Outburst.  It envisions 
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long periods (perhaps on the order of 108 years) in 
which Mars has a stable atmosphere that is cold and 
dry like that of today, with nearly all its water trapped 
as ground ice and underlying ground water.  The stable 
state is punctuated by relatively short-duration (perhaps 
104  or 105 years) episodes of quasi-stable conditions 
that are warmer and wetter than those at present.  The 
motivation for MEGAOUTFLO is the observed reality 
of water-related landforms briefly described in this 
review, especially those of post-Noachian age.  Exten-
sive criticism of the hypothesis by Carr [2] questioned 
the significance of the water-related landforms and 
denied that significant epochs of climate change oc-
curred after the heavy bombardment, as presumed by 
the MIDDEN hypothesis. 
     The MIDDEN hypothesis is itself under attack for 
its presumption of warmer atmospheric conditions dur-
ing the Noachian.  Some criticisms arise from the role 
of internal geothermal heating for valley formation. 
However, it is clear that extensive geothermal heating 
will also impact the atmosphere by its injection of wa-
ter vapor and other gases.  Perhaps the strongest argu-
ment that early Mars cannot have been continuously 
cold and dry is that highland craters and basins are 
extensively eroded, most likely by processes involving 
rainfall and surface runoff [18].  Prolonged, intense 
fluvial erosion occurred, with cratering competing with 
drainage basin development, such that the latter was 
restricted to localized areas [19].  Relatively high de-
nudation rates are inferred for the Noachian, which are 
much greater than those of later periods.  These obser-
vations are consistent with the discovery that the an-
cient Martian crust of the highlands is layered to con-
siderable depths, probably because sedimentary rocks 
were emplaced during the intense denudation phase 
[20].   Imagery from the Mars Orbiter Camera (MOC) 
of the Mars Global Surveyor (MGS) Mission shows 
that the Martian highlands do not consist of an initial 
lunar-like surface, underlain by an impact-generated 
megaregolith, as presumed in previous hydrogeological 
models [2].  Instead, cratering, fluvial erosion, and 
deposition of layered materials probably all occurred 
contemporaneously, leading to a complex interbedding 
of lava flows, igneous intrusions, sediments, buried 
crater forms, and erosional unconformities [21]. 
 
     Lacustrine and Glacial. Evidence for persistent 
standing bodies of water on Mars is abundant, but even 
more controversial than that for fluvial activity. For 
Mars there is no direct geomophological evidence that 
the majority of its surface was ever covered by stand-
ing water, though the term “ocean” has been applied to 
temporary ancient inundations of the northern plains, 
which did not persist through the whole history of the 
planet.  Although initially inferred from sedimentary 

landforms on the northern plains, inundation of the 
northern plains has been most controversially tied to 
identifications of “shorelines” made by Parker et al. 
[22, 23]. MGS data confirm the initial observations of 
a regionally mantling layer of sediment, now called the 
Vastitas Borealis Formation, covering perhaps 3 x 107 
km2 of the northern plains [24].  This sediment is con-
temporaneous with the post-Noachian outflow chan-
nels, and it was likely emplaced as the sediment-laden 
outflow channel discharges became hyperpycnal flows 
upon entering water ponded water on the plains [25].  
In another scenario, Clifford and Parker [13] envision a 
Noachian “ocean,” contemporaneous with the high-
lands valley networks, and fed by a great fluvial system 
extending from the south polar cap, through Argyre 
and the Chryse Trough, to the northern plains. 
      Numerous lakes, which were temporarily extant on 
the surface of Mars at various times in the planet’s his-
tory [26].  The more ancient lakes occupied highland 
craters during the heavy bombardment epoch, spilling 
over to feed valleys such as Ma’adim Vallis [27].  
Even more abundant crater paleolakes seem to have 
developed just after the heavy bombardment, and ex-
pecially large lakes occupied the floors of the impact 
basins, Hellas and Argyre.  Even younger lacustrine 
activity is indicated by the finely layered deposits of 
the Valles Marineris [28].  These are up 8 km thick, 
which could indicate a very prolonged period of deep-
water inundation of this immense tectonic trough. 
     Considerations of lake mass balances [29] and of 
likely formation times for observed deltas and wave-
eroded terraces [30] suggest that the crater lakes had 
lifetimes on the order of about 1000 years.  Calcula-
tions with a general circulation model demonstrate that 
ice-covered lakes of this duration might be possible in 
a quasi-stable state for some portions of the Martian 
surface even under present-day conditions [31].  Of 
course, the water would first need to be mobilized to 
liquid form, suggesting that in its present frozen state 
Mars is merely hydrologically dormant [32]. 
        Evidence for glacial activity though Martian his-
tory is also abundant [33] and controversial [2].  Resis-
tance to the idea of ancient glaciers on Mars is espe-
cially curious, given that there is a general scientific 
consensus that Mars displays an immense variety of 
periglacial landforms, most of which require the activ-
ity of ground ice.  The periglacial landforms include 
debris flows, polygonally patterned ground, thermo-
karst, frost mounds, pingos, and rock glaciers.  On 
Earth most of these landforms develop under climate 
conditions that are both warmer and wetter than the 
conditions for cold-based glacial landforms [34].  Be-
cause the Mars glacial landforms are all post-Noachian 
in age, and some are very young, they are completely 
inconsistent with the MIDDEN hypothesis.  Glaciers 
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require substantial transport of atmospheric water va-
por to sustain the snow accumulation that generates the 
positive mass balance needed for glacial growth.  
There are no known Earth glaciers that develop from 
water supplied by the melting of ground ice, though 
this mechanism has been proposed for ancient glaciers 
on Mars that are hypothesized to have occupied the 
outflow channels. 
     The glacial landforms of Mars are erosional 
(grooves, streamlined/sculpted hills, drumlins, horns, 
cirques, and tunnel valleys), depositional (eskers, mo-
raines, and kames), and ice-marginal (outwash plains, 
kettles, and glaciolacustrine plains).  Of course, the 
landform names are all genetic designations, and ad 
hoc alternatives have been suggested for many.  What 
is not ad hoc, however, is that all the glacial landforms 
occur in spatial associations, proximal-to-distal in re-
gard to past ice margins, that would be obvious in a 
terrestrial setting.  Areas of past glaciation on Mars 
include the Tharsis volcanoes, uplands surrounding 
Argyre and Hellas [33], and the polar regions, where 
the ice caps were much more extensive during portions 
of post-Noachian time [35]. 
 
     Very Recent Fluvial and Volcano-Ice-Water Ac-
tivity.  One of the most striking recent discoveries is 
that many water-related landforms on Mars are excep-
tionally young in age.   This fact was prominently 
demonstrated by MOC images from the MGS orbiter 
showing numerous small gullies generated by surface 
runoff on hillslopes [9].  The gullies are most likely 
formed by debris-flow processes and the melting of 
near-surface ground ice [36]. Melting can be induced at 
the appropriate latitude by changes in the solar insola-
tion that would be induced by the immense shifts in 
Martian obliquity that are retrodicted to have occurred 
during the past few million years [37, 38].  The gullies 
are uncratered, and their associated debris-flow fan 
deposits are superimposed on both on eolian bedforms 
(dunes or wind ripples) and on polygonally patterned 
ground, all of which cover extensive areas that are also 
uncratered [9].  The patterned ground is itself a very 
strong indicator of near-surface, ice-related processes 
in the active (seasonally thawed) layer above the Mar-
tian permafrost zone [39]. 
 
     Discussion. Recent discoveries from MOC images 
show that Mars displays a diverse suite of exception-
ally young, globally distributed landforms that are wa-
ter-related.  If observed on Earth these landforms 
would all be well understood to have aqueous origins 
that were capable of generating them on relative short 
time scales (100s to 1000s of years) in a much warmer, 
wetter, and denser atmosphere than occurs on Mars 
today.  Likewise, in contrast to the MIDDEN hypothe-

sis, the surface of Mars displays older post-Noachian 
landforms of fluvial, glacial, periglacial, and hydrovol-
canic origins.  These phenomena are all consitent with 
the episodic climatic changes envisioned by the 
MEGAOUTFLO hypothesis. 
    A much-discussed “conundrum” of Mars science is 
the problem of the “missing carbonate deposits.”  The 
argument made is that in a warm, thick atmosphere [3] 
reactions of CO2 gas and water would lead inevitably 
to weathering of surface rocks and the deposition of 
extensive carbonate deposits, as occur on Earth [40].  
The spectral observations of Mars, however, have 
failed to detect any carbonates [41, 42].  Moreover, 
recent data from MGS show that the Martian surface 
extensively exposes unaltered feldspar and pyroxene in 
essentially unwearthered basalt outcrops [43].  This 
lack of weathering is actually to be expected if the 
post-Noachian history of Mars has nearly always been 
extremely cold and dry.  The MEGAOUTFLO hy-
pothesis envisions only very brief wet episodes, no 
longer than those of hyperarid and cold-desert regions 
of Earth, which also preserve essentially unweathered 
rock outcrops.  Weathering in a Noachian wet period 
might by obscured by burial, and the lack of carbonate 
spectral signatures could result from suppression of 
those signatures by processes likely to have occurred 
on Mars [18].  Alternatively, the carbonates could in-
deed be absent.  They may have accumulated on the 
floor of a very ancient ocean [44], but this ocean floor 
could have been subducted during a plate-tectonic re-
gime in the early Noachian [45].   
      A very early phase of plate tectonics could have 
generated the Martian highland crust by continental 
accretion [45, 46]By concentrating volatiles in a local 
region of the Martian mantle, the early plate-tectonic 
phase of Mars would have led to a superplume at Thar-
sis.  The resulting immense concentration of volcanism 
at Tharsis would itself have a great influence on cli-
mate change [e.g., 47]. The persistence of this volcan-
ism episodically through later Martian history [e.g., 48] 
would provide a mechanism for the episodic, short-
duration aqueous phases that produced the above-
described landforms. 
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MARTIAN GLOBAL SURFACE MINERALOGY FROM THE THERMAL EMISSION 
SPECTROMETER: SURFACE EMISSIVITY, MINERAL MAP, AND SPECTRAL ENDMEMBER DATA 
PRODUCTS.  J. L. Bandfield, Department of Geology, Arizona State University, Tempe, AZ 85287-6305 
(joshband@asu.edu). 

 
 

Introduction:  One of the primary goals of the Ther-
mal Emission Spectrometer experiment on the Mars 
Global Surveyor is to determine the mineralogy of the 
Martian surface.  This information has been used to 
place constraints on the range of igneous processes 
present [1,2].  The extent of water related processes on 
Mars has been significantly constrained by the TES 
experiment [3-5].  The mineralogy of the Martian dust 
has also been refined using TES data [6-8].  These 
mineralogical results have made a significant contribu-
tion towards determining the development of Mars, 
complimenting other datasets and existing information. 

Mineralogical determination requires the isolation 
of surface emissivity from the measured radiance and a 
variety of techniques have been developed for this pur-
pose.  Additionally, deconvolution techniques have 
been developed and extensively tested to separate the 
individual mineral contributions to the surface emissiv-
ity [9-14].  These methods and techniques have pro-
duced a variety of data products that are currently 
available through http://tes.asu.edu/ 
Multiple Emission Angle Observations:  Multiple 
emission observation data have been used to separate 
surface and atmosphere radiative contributions using a 
correlated-K [15] gas absorption determination and a 
plane-parallel radiative transfer atmospheric model [6].  
Bandfield and Smith produced surface emissivity and 
dust aerosol opacity spectral shapes as well as refined 
surface temperatures and dust opacities. 
Spectral shapes are displayed in Figure 1.  The dust 
opacity shape has been used for refined opacity deter-
minations from both the TES and THEMIS instruments 
[16].  Low albedo region surface emissivities were 
recovered with increased wavelength coverage over 
previous retrievals.  Moderate to high albedo surface 
spectra were also recovered for the first time. 
Moderate to high albedo surface spectra provide sensi-
tivities unique from other chemical and spectroscopic 
measurements and are able to provide useful new con-
straints on the mineralogy of the dust and soil.  These 
spectra are diagnostic of fine-particulates with plagio-
clase and/or zeolites and minor amounts of bound or 
adsorbed water [6,8].  Small amounts (~2-3%) of car-
bonates appear to be present as well, serving as a sink 
for atmospheric CO2. 
Nadir Observations:  Atmospheric Correction.  Band-
field et al. noted that TES equivalent emissivity data 
can be closely approximated by a linear combination of 
surface and atmosphere aerosol components (Figure 2).  

This property was utilized to develop an atmospheric 
correction algorithm that determined atmospheric 
contributions from a linear least-squares fit of surface 
and atmosphere components [17].  A second surface-
atmosphere separation method was developed which 
utilizes the non-correlation of the derivative of the at-
mosphere and surface components to determine the 
amplitude of their contributions to the spectra [17].  
There is close agreement between these two methods 
under a variety of atmospheric conditions and surfaces 
as well as with the multiple emission method men-
tioned above.  These results are also consistent with 
ratioed data [8]. 
Spectral Units.  Most TES spectra can be closely ap-
proximated using 8 spectral shapes; 2 atmospheric 
dust, 2 atmospheric water-ice, and four surface emis-
sivity spectra [1].  The four surface spectral types 
match those of basaltic, andesitic, and hematite miner-
alogies as well as fine-particulates (approximated by a 
blackbody spectrum in the wavelength regions used).  
Mars does not display massive amounts of composi-
tional diversity and >99% of the surface can be charac-
terized by the basaltic, andesitic, and surface dust 
shapes. 
Basalt and “Andesite”.  Mars displays a global dichot-
omy in surface mineralogy [1].  Basaltic surfaces are 
almost entirely restricted to older, heavily cratered ter-
rain with several local exposures in the northern low-
lands [18].  A second surface composition is indicative 
of a basaltic andesite to andesite mineralogy.  This 
surface is present in significant quantities throughout 
most low-albedo regions and the highest concentrations 
are located in the northern lowlands, particularly the 
circum-polar sand seas. 
The formation mechanism behind the silica component 
present is subject to debate between researchers who 
find large quantities of basaltic andesite/andesite diffi-
cult to produce [19] and researchers who find difficul-
ties with the occurrence and distribution of an altered 
basaltic surface [5,20].  For simplicity, this surface will 
be referred to as “andesitic” and, as the references may 
indicate, I do not pretend to have no preferred forma-
tion mechanism. 
Other Spectral Units.  Spectral diversity is present at 
local scales at least to the 3 km sampling of the TES 
instrument and a number of discoveries are the subject 
of ongoing studies.  Grey hematite has been located in 
several regions within layered deposits within Sinus 
Meridiani, Aram Chaos, and Valles Marineris [4].  
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Many of the possible formation mechanisms for these 
materials require liquid water in some amount, though 
a volcanic origin is also possible.  Surface exposures of 
olivine have been located in Nili Fossae, Ganges 
Chasma, and other locations [2,21].  The geologic con-
text of the exposures is currently being examined.  TES 
data is continuing to provide evidence of additional 
local exposures of unique mineralogies, including or-
thopyroxenite [2], a possible ash deposit [22], and 
other spectrally unique (though the associated mineral-
ogy remains unidentified) surfaces. 
Data Products:  A purpose of this abstract is to make 
many of the data products produced by [1,5,6,23] pub-
licly available.  These products include the following: 
 
• Surface emissivity cubes at 1, 2, and 4 pixels per 

degree (ppd) in ISIS and ENVI file types 
 
• Mineral maps at 1, 2, and 4 ppd in ISIS and ENVI 

file types 
 
• Labeled and unlabeled mineral concentration im-

ages draped over shaded MOLA topography at 4 
ppd (Figure 3) 

 
• An ascii file containing the 7 canonical TES end-

members, including atmospheric, basaltic, hema-
tite, and andesitic emissivity spectral shapes 

 
• An ascii file containing high and low albedo sur-

face emissivities and dust opacity spectra derived 
from TES multiple emission angle observations 

 
A link to these files is currently located at 
http://tes.asu.edu as well as more specific ancillary 
information.  
Conclusions:  The TES investigation has fundamen-
tally changed and enhanced our understanding of the 
development of the Martian surface and conditions 

present throughout its history, though perhaps more 
questions have been raised than answered.  The higher 
spatial resolution of the Mars Odyssey Thermal Emis-
sion Imaging System and the combined spatial resolu-
tion and unique wavelength coverage of the Compact 
Reconnaissance Spectrometer for Mars on the Mars 
Reconnaissance Orbiter will help provide a geologic 
context for these mineralogies as well as complimen-
tary spectral information.  The global scale spectral 
remote sensing of Mars will continue to reveal the 
unique development of Mars. 
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Figure 1.  Spectral shapes recovered from multiple emission angle observations.  The surface dust spectrum is char-
acteristic of mid- to high albedo surfaces.  The low albedo surface is representative of low latitude dark surfaces.  
The atmospheric dust opacity shape is constant over most Martian conditions. 
 
 

 
Figure 2.  Surface and atmosphere TES spectral endmembers.  Most TES spectra of warm surfaces can be well 
modeled using a linear combination of these 7 spectral shapes plus blackbody to approximate the surface dust and to 
account for variations in spectral contrast. 
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Figure 3.  Concentration map of high-calcium pyroxene at 4 pixels per degree.  High concentrations correspond to 
basaltic surfaces.  Mineral concentration maps are available in digital and image formats at 1, 2 and 4 ppd. 
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AN AUTONOMOUS INSTRUMENT PACKAGE FOR PROVIDING “PATHFINDER” NETWORK
MEASUREMENTS ON THE SURFACE OF MARS.  W. B. Banerdt1 and Ph. Lognonné2, 1Jet Propulsion
Laboratory, California Institute of Technology (Mail Stop 183-501, 4800 Oak Grove Drive, Pasadena, CA 91109,
bruce.banerdt@jpl..nasa.gov), 2Institut de Physique du Globe de Paris (Departement de Géophysique Spatiale et
Planétaire, 4 Avenue de Neptune, 94100 Saint Maur des Fossés, France, lognonne@ipgp.jussieu.fr).

Introduction:  The investigations of the interior
and atmosphere of Mars have been identified as high
scientific priorities in most planetary exploration
strategy document since the time of Viking [e.g., 1,2].
Most recently, the National Academy of Sciences [3]
has recommended a long-lived Mars network mission
as its second highest scientific priority for Mars (after
sample return) for the purpose of performing
seismological investigations of the interior and
studying the activity and composition of the
atmosphere.
Despite consistent recommendations by advisory
groups, Mars network missions (MESUR, Marsnet,
InterMarsnet, NetLander/MSR’05, NetLander/Premier
‘07, NetLander/??‘09) have undergone a strikingly
consistent “Phoenix” cycle of death and rebirth over
the past 15 years, and there are still no confirmed plans
to address the interior and atmosphere of Mars. The
latest attempt is the NetLander mission [4]. The
objective of NetLander is to place a network of four
landers on Mars to perform detailed measurements of
the seismicity and atmospheric pressure, temperature,
wind, humidity, and opacity (as well as provide
images, subsurface radar sounding profiles, and
electric/magnetic field measurements). However, this
mission has recently encountered major programmatic
difficulties within CNES and NASA. NASA has
already cancelled its participation and the mission
itself is facing imminent cancellation if CNES cannot
solve programmatic issues associated with launching
the mission in 2009.

In this presentation we will describe an approach
that could move us closer to realizing the goals of a
Mars network mission and will secure at least one
geophysical and meteorological observatory in 2009.

Network “Pathfinder”:  Many of the problems in
implementing a large-scale, expensive network
mission derive from the uncertainties inherent in
making an entirely new type of observation.
Meaningful seismic measurements have never been
obtained on Mars. The Viking seismometers [5]
provided only a loose upper bound on the seismic
activity of the planet [6], which could still be several
orders of magnitude more active than the Moon. Thus
we have no firm idea as to the size, frequency,
distribution, or signal characteristics of Martian
seismic events, or of the character of any seismic noise

that must be dealt with (although theoretical estimates
exist [7,8]). Such uncertainties make it difficult to
efficiently design a network mission, and indeed
provide pause when contemplating the investment
required.

The technical demands on the instruments and
lander subsystems for a long-lived network are
considerable. They must operate continuously for long
periods of time (several years) in an extremely cold
environment with huge daily and seasonal temperature
variations. They must be able to store, compress and
transmit large quantities of data (over 300 Mbits of raw
data per sol). And the resources available will likely be
extremely limited, as the mass and volume will be
minimized in order to allow the maximum number of
stations to be launched.

Thus there are a number of arguments for sending a
single station to Mars to acquire reconnaissance data
for designing a large-scale network investigation and
to validate the instrument and subsystem technology.
In addition, whereas the observations of a single
station will not satisfy the goals of a global network for
delineating the interior structure and atmospheric
circulation, it can provide scientifically meaningful
results in many areas, including the present level of
tectonic activity, boundary layer processes and surface-
atmosphere interactions, and local meteorology.

Autonomous Package:   We envision an
autonomous package that could easily be left on the
surface by any lander mission. Clearly the best
candidate at this time is the Mars Science Laboratory
(MSL), scheduled for launch in 2009. That mission
currently does not include any geophysical or
meteorological measurements in its baseline, so this
package would complement that mission with very
little impact. The addition of a small camera could
further enhance MSL by providing the capability of
imaging the rover, which may be useful for both
engineering and public outreach.

The package would be self-contained with its own
power, data handling, and communications systems.
The mass would be minimized (perhaps ~10 kg) so as
to make the least possible impact on the carrier
spacecraft. Our description here is base on the
NetLander experience. These instruments and lander
subsystems are currently approaching PDR, so there is
considerable maturity in their designs.
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Instruments.  The instruments in this package
would include, at a minimum, a broadband seis-
mometer and a meteorology package. Other instru-
ments could be added if resources allow, but the
premium placed on low mass and volume make this
problematic.

The seismometer [9] consists of two types of
sensors in order to cover the entire seismic frequency
range with maximum sensitivity. There are two VBB
(Very Broad Band) sensors which are enclosed in a
leveled, environmentally controlled container. These
have a leaf spring and pivot configuration with
capacitive and OCS transducers. They provide
measurements of ground acceleration in the vertical
and one horizontal axis to a level of 10-10m/sec2 over a
frequency range from micro-Hertz (corresponding to
tidal frequencies) to a few Hertz. Three orthogonal SP
(Short Period) sensors are mounted directly to the
deployment device (for better high-frequency
coupling) and will measure the full vector ground
acceleration to a level of 5x10-9 m/sec2 from 0.05-100
Hz. These microseismometers utilize advanced silicon
micromachining technology to achieve high sensitivity
with extremely low mass, power, and volume.

The meteorology package [10] consists of pressure
and humidity sensors, along with a mast containing a
wind velocity sensor and temperature sensors located
at several levels. The height of the mast will depend on
the dimensions of the package, but ideally would be at
least 1.5 m. This package will allow the charac-
terization of diurnal variations of temperature,
pressure, humidity, and wind, as well as the short-scale
phenomena associated with vertical energy flux and
the interaction of the atmosphere with the surface[11].

Communication and power.  Communication
would be via orbital relay only, with no direct-to-Earth
link. There are several assets planned for Mars orbit in
the next 6-10 years which could accommodate a low-
power UHF link from this package. In particular, the
Mars Telecommunication Orbiter planned for launch

in 2009 would strongly enhance the data volume
available from this package. It is also possible that
high-precision geodetic measurements can be
performed with proper specification of the package’s
telecom subsystem.

At this time, a solar array is the only long-lived
power source that is available for use on the Martian
surface. This has the disadvantages of a limited latitude
range, decreased power in the winter (when heating
requirements are greatest), and degradation over time
by dust deposition. This package (and any long-lived
network that may follow) would greatly benefit from
the availability of a small radioisotope generator in the
<10W class.

Conclusions:  A small, autonomous package taken
to the Martian surface by MSL could provide valuable
scientific information on the seismicity and
atmospheric processes on Mars, as well as provide
pathfinder information for a future long-lived network
mission. Leveraging from the technical designs and
partnerships developed by the NetLander mission
might save cost and reduce risk. This package could
provide the first of a series of geophysical and
meteorological observatories on Mars.

References:  [1] COMPLEX (1995),  An Integrated
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[2] MEPAG (2001), Scientific Goals, Objectives,
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al. (1999), Adv. Space Res. 23, 1915-1924. [5] D. L.
Anderson et al. (1977), JGR. 82, 4524-4546. [6] N. R.
Goins and A. R. Lazarewicz (1979), GRL 6, 368-370.
[7] M. P. Golombek et al. (1992), Science 258, 979-
981. [8] P. Lognonné and B. Mosser (1993), Surv.
Geophys., 14, 239-302. [9] P. Lognonné et al. (2000),
Planet. Space Sci. 48, 1289-1302. [10] J. Polkko et al.
(2000), Planet. Space Sci. 48, 1303-1315. [11] J. E.
Tillman et al. (1994), J. Atmos. Sci. 51, 1709-1727.
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Overview

We are developing an acoustic anemometer for use in the low
pressure atmosphere of Mars. Acoustic anemometers have
high sensitivity, high temporal resolution, high accuracy, are
insensitive to radiative heating and demand little power. In
these ways they are superior to the anemometers previously
flown to Mars. Accurate, well-calibrated anemometers are
crucial for understanding the near-surface atmospheric envi-
ronment (e.g., slope winds, convective cells, dust devils, and
aeolian processes in general). Furthermore, the high time-
resolution, sensitivity, 3-D capabilities and well-defined, open
sampling volume available from an acoustic anemometer allow
it to resolve individual turbulent eddies, a first for Mars. This
feature allows it to directly measure eddy fluxes, for example
water vapor vertical fluxes between the surface and atmosphere
when coupled with a fast hygrometer (e.g. a TDL). This novel
ability to measure water vapor fluxes is viewed as a high prior-
ity science goal of Mars landers. We expect that the instrument
designed in this program will be a prime candidate to fly on
either the Mars Science Laboratory Lander, or any of the future
planned Mars Scout landers or Mars Surveyor Landers.

Acoustic anemometers are well developed for Earth, but
need modifications to function in the vastly different martian
pressure environment. The two main hurdles are sound atten-
uation in Mars air, and transducer coupling inefficiency from
density and sound speed mismatches with Mars air. The sound
attenuation on Mars is significant, especially at ultrasonic fre-
quencies. We have a simple model of the relevant phenomena
to guide our choices to the optimal frequencies for Mars. The
coupling between a transducer and the atmosphere is char-
acterized by the match of their densities and sound speeds,
or acoustic impedances, similar to index of refraction in op-
tics. The Martian atmosphere has an acoustic impedance of
about 1% that of the Earth. The commonly used (on Earth)
piezo transducers lose about 110dB coupling with Mars air.
Matching plates are unsuitable due to bandwidth limitations.
Acoustic horns may aid in matching impedances. Capacitive
transducers have an inherently low acoustic impedance, and
are now becoming available in the frequency ranges needed
for Mars. We are in the process of testing 3 styles of cutting-
edge capacitive transducers in a simulated martian atmosphere
anechoic chamber. Initial testing looks very favorable for pro-
ducing a successful instrument for Mars. We will integrate the
optimized transducer with Applied Technologies’ electronics
for Earth acoustic anemometers, with some possible modifi-
cations to again optimize performance at Mars. All of these
issues are being addressed with respect to mass and power
considerations. The goal of this project is to produce a proof-
of-concept and functional design of an accurate, robust, versa-
tile Martian anemometer with significantly greater capabilities
than its predecessors.

Martian Surface Winds: Crucial to Observe

Future landers on Mars will need to carry anemometers. The
atmosphere is currently the most active element of change on
Mars, and if we are to understand the changes that are hap-
pening and those that have come before, we must understand
the atmosphere of Mars. In particular, its interaction with the
surface is of critical importance, and can only be adequately
studied from a landed perspective.

The safety of future landers, bases and astronauts is an
important driver for more fully understanding Mars’ surface
winds. Mesoscale models have been used to estimate wind
shears for descending probes, but without adequate ground
truth, the capabilities of the models to accurately predict true
conditions is limited. Only additional observations taken
within the boundary layer will allow us to properly validate
these models, and more safety operate on the surface of Mars.

The boundary layer is the medium through which the bulk
of the atmosphere affects its impact on the surface. Aeolian
processes are currently the strongest factor in shaping the sur-
face, yet we do not fully understand them. The drag that the
atmosphere puts on the surface is poorly specified at best. No
direct study of the transfer of momentum between the atmo-
sphere and surface has been performed at Mars, yet this is the
chief agent of change on Mars’ surface. Additionally, no direct
study of the transport of heat from the surface to the atmosphere
has been done on Mars. This has significant impacts on the
thermal stability of materials (e.g.,

�����
, � ��� frost) at or near

the surface on Mars. The flux of heat between the surface and
atmosphere on Mars is critically important for understanding
Mars’ climate. Measuring the transport of water itself between
the surface and atmosphere has not been attempted. The flux
of water between the surface and the atmosphere may tell us
about the regions in which it is stable or sequestered below
the surface. Combining a thermometer or hygrometer with a
fast sensing anemometer allows all of these transports to be
measured. By examining the correlation between the verti-
cal wind variations and horizontal wind, temperature or (e.g.)
water abundance variations, the net flux of these parameters
away from the surface due to the turbulent eddies in the bound-
ary layer can be directly measured. However, it requires an
anemometer that can resolve the eddies in both space and time.
This is routinely done on Earth in scientific studies, and could
be done on Mars as well if the appropriate anemometer were
flown.

The importance of dust storms of all scales and dust devils
in the climate cycle of the planet is unquestionable, and yet we
still don’t fully understand why they start where or when they
do. We don’t fully understand how they grow, or precisely
what causes them to stop. Clearly wind observations will help
us to understand both of these phenomena that are scientific
keystones to Mars’ climate.
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Our first understanding of the synoptic scale weather sys-
tems that Mars experiences were from the Viking Landers
wind (and temperature and pressure) sensors. In fact it is
only through the combination of these different observations
that the global scale nature of the weather systems were first
inferred (Barnes, 1980). Recent work with orbiting thermal
sounders has revealed synoptic weather systems from a global
perspective (Wilson et al. 2002) but recognize that orbital
sounders have little access to the conditions in the lowest half
scale height of the atmosphere. Significantly, the weather sys-
tems that are dominant near the surface are only marginally
observable using orbital thermal sounders. Furthermore, the
thermal sounders only can infer the vertical gradient of winds
via the thermal wind equation. With a meteorological station
measuring wind at the surface, more appropriate wind profiles
could be estimated, at least in the location of the lander. The
landed observations would also provide ground truth to general
circulation models (GCMs). These complex models need as
much validation as possible for them to be truly useful. Clearly
to fully understand the weather of Mars, we need full landed
meteorological suites, including anemometers.

Need For Something Better

Anemometers have been flown on the Viking Landers, Mars
Pathfinder, and the ill-fated Mars Polar Lander. All of these
missions used variations on the concept of hot-wire anemome-
try, where the power required to maintain a probe at a constant
temperature was measured. The advantage of this approach is
simply that it is simple and light. Its drawbacks are numerous.

Its response time is relatively slow, too slow to measure
turbulent fluctuations (Hess et al., 1972). Seiffet al. (1997)
compared turbulent power spectra from Mars Pathfinder and
Earth, noting that much of the differences may arise from the
Pathfinder instrument’s time constant. Without actually mea-
suring the eddy structures with fast response instruments (fast
enough to sample the inertial subrange, i.e. about 1Hz (e.g.,
Seiff et al. 1997, Tillman et al. 1994)) we can’t even es-
timate how well our slower instruments did at characterizing
the turbulent behavior. With such slow response anemometers,
direct sensing of heat, momentum or volatile fluxes from the
surface to the atmosphere is only marginally feasible. A sig-
nificant fraction of the turbulent eddies are averaged together
over time. Assumptions about the boundary layer structure
must be made, without the possibility of checking them.

Measuring the heat loss from a probe due to the wind
is an indirect measurement. It is prone to confusion from
other heating or cooling sources. For example, direct solar
heating on the heated probe could seriously bias inferred wind
speeds if the solar heating were not properly accounted for.
A better instrument would more directly measure the wind
itself. Additionally, heating from the lander itself can skew
the results. Wind measurements made in the lee of the lander
were not only influenced by the wind shadow of the lander,
but also its thermal state as well. All of this makes hot-wire
techniques difficult to calibrate and interpret.

Heating a probe is a power hungry approach. In fact,

Figure 1: Schematic description of acoustic anemometry.

the Pathfinder instrument was power limited, its performance
would have been better with a greater overheat for the probe,
but this was not available (Seiff et al. 1997). Pathfinder’s
anemometer drew 0.38W while operating, while a standard
commercial Earth acoustic anemometer, with 6 (inefficient)
piezo transducers firing at 20 Hz will spend only 0.06W. This
power usage is also likely to be significantly reduced with the
use of more efficient transducers.

Previous anemometers have only attempted to infer the
horizontal wind vector. This is likely due to two factors. First,
the geometry of a heated probe is easier in a 2-D configura-
tion. Trying to array thermocouples around a heated sphere
in 3-D would be difficult, and the device’s own wind shadow
perturbations would be considerable, especially on the gener-
ally much lighter vertical winds. Secondly, the magnitude of
the vertical winds themselves make them difficult to measure.
The smaller vertical wind speeds would require notably more
sensitivity than was available for the horizontal measurements
of the previous anemometers.

Even if 3-D, fast response configurations of hot-wire style
anemometers could be built, they would not allow the simul-
taneous measurement of other parameters (e.g., humidity) to
directly infer the fluxes through the boundary layer. The heated
probe itself occupies the volume where the wind speed is
sensed, precluding the possibility of using other techniques
to measure (e.g.) humidity in that volume. This practical
limitation can be overcome with another technique, acoustic
anemometry.

Acoustic Anemometer Principles

In concept, an acoustic anemometer is very simple, in part
because it is a direct measurement of the motion of the air.
The key concept is that sound, being a longitudinal oscillation
of the air molecules, is advected with winds. It is easiest
to understand the principle in a 1-D scenario (see Fig. 1).
Imagine 2 opposing transducers (both emitters and receivers)
with a known separation. Pulses are emitted by one transducer
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and received by the other in an alternating fashion. The pulse
travel times are both measured. The average of the two travel
times is proportional to the sound speed in the air, which is only
a function of the temperature. So the acoustic anemometer is
also an accurate, fast-reponse thermometer. The difference of
the two travel times is proportional to the wind speed along
the direction separating the two transducers. The travel time
with the wind will be less than that against the wind. Beyond
this, if two more axes are added, the full 3-D wind vector can
be determined (see e.g., Cuerva and Sanz-Andres, 2000).

Benefits of Sonic Anemometry

This is the premier technique for use in research studies of
winds in the boundary layer on Earth. It is a well understood
technique, with commercial instruments being available since
before 1975 (e.g., Applied Technologies Inc., or Kaijo Denki
Inc.). It is inherently a low power technique, only demanding
significant power for the pulse emission itself, essentially an
instant-on/instant-off technique. The quantity being measured
is a direct measure of the phenomena of wind, the advection
of the sound as the air moves. This removes from the tech-
nique many of the potential pitfalls of other techniques, such
as the solar heating perturbations of a hot-wire approach. It
is generally a very accurate measurement technique, limited
by the ability to measure the path length between transducers
and the pulse travel times, both of which can be done with
high precision. On Earth, it is frequently used to measure not
only the horizontal wind vector, but also the vertical winds,
which are often smaller by several orders of magnitude, i.e.,
it measures the full 3-D wind vector. Another result of the
simplicity of the technique is that it is very easy and accurate
to calibrate. It is also a fast-response thermometer, not easily
biased by effects like radiative heating. Finally, and perhaps
the most significant advantage is that it is a very fast response
technique, typically limited by the pulse repetition rate which
often exceeds 20Hz. Because of this, it is the premier approach
to directly measure eddy fluxes where the eddies themselves
are resolved and correlated with either wind, temperature, or
constituent perturbations to yield fluxes. The open and well
defined sensing volume is ideally suited to measure other pa-
rameters (e.g., humidity with a TDL) which can then be used to
compute eddy fluxes of that parameter. As mentioned above,
this is not possible with hot-wire techniques, and doppler lidar
approaches generally have a poorly defined sensing volume,
adding ambiguity in eddy measurements.

Adaptation to Mars

While acoustic anemometry is a well understood technique for
Earth, its adaptation to Mars is not trivial. The most significant
differences in the martian environment are the atmospheric at-
tenuation and the acoustic impedance of the air. Beyond these
two issues, the standard techniques that are used on Earth
will carry over very well to application on Mars. Once we
overcome the design hurdles outlined below, we will use the
standard electronics and algorithms that Applied Technologies

packages with their research-grade Earth acoustic anemome-
ters, greatly simplifying the overall instrument design adapta-
tion to Mars.

Figure 2: Attenuation on Mars. Attenuation is very strong
above about 100kHz. Adapted from Williams (2001).

The attenuation of sound in Mars’ atmosphere is quite
significant. A good review of the issues involved is in Williams
(2001). He presents expressions for the viscous, thermal and
molecular attenuation. Fig. 2 shows these effects as a function
of acoustic frequency.

The viscous and thermal attenuations are each about 2 or-
ders of magnitude stronger on Mars than on Earth, and for
the higher frequencies we’ll be considering are the dominant
attenuation. Because the attenuation increases so rapidly with
frequency, clearly ultrasound beyond about 100kHz will not
travel far in the martian atmosphere. As many of the com-
mercially available acoustic anemometers built for Earth use
100kHz (mainly to avoid acoustic interference from human ac-
tivity), clearly some redesign is necessary. However, lowering
the operating frequency too low would reduce the precision
possible in determining pulse arrival times, and hence the sen-
sitivity of the instrument.

The most significant issue facing the adaptation of acous-
tic anemometry to Mars conditions is the acoustic impedance
of the air. This parameter, defined as the ratio of a given
acoustic pressure perturbation to the resultant velocity of the
medium, is extremely low for Mars: �	� kg/m

�
/s. Earth air

has an acoustic impedance of about 400kg/m
�
/s, while wa-

ter has a value of 
�� ���
���� kg/m
�
/s. Piezo transducers have

about the same acoustic impedance as solid granite, about

�� ����
���� kg/m

�
/s. Cutting-edge capacitive transducers have

acoustic impedances in the range of 1000kg/m
�
/s, much closer

to those of Earth or Mars air. The reason this is of critical inter-
est is that when a sound wave passes between two media, the
power transmitted or reflected depends strongly on the ratio
of the two acoustic impedances. It is very analogous to the
index of refraction in optics, where for two identical indices
of refraction, light is transmitted completely between the two
media. For very different indices of refraction, the power is
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Figure 3: 2-Way insertion losses for sound going between
Mars air and a transducer of given acoustic impedance. The
acoustic impedances of various materials are indicated. Ca-
pacitive transducers are the only feasible match to Mars air.

almost completely reflected at the boundary. The same holds
for acoustic impedances and sound waves passing between two
media. In the case of acoustic transducers, this loss due to poor
coupling between the transducer and the medium is known as
an insertion loss. The problem is doubly serious, in that the
signal must couple both ways between the transducer and the
medium, resulting in twice the losses, i.e., a 2-way insertion
loss (see Fig. 3). A transducer that works adequately coupling
to Earth air will work much more poorly trying to couple to
the tenuous air of Mars. All other things being equal, the two
orders of magnitude in acoustic impedance between Earth and
Mars air will result in a further loss of signal strength of about
30dB, or a factor of 1000. This is the main hurdle in adapt-
ing acoustic anemometry for use on Mars. Coping with this
difficulty is the emphasis of our work.

Preliminary Design Parameters

To demonstrate that an acoustic anemometer is feasible for
Mars, we have developed a simple model accounting for the
effects of attenuation in Mars air as well as losses due to beam
spreading. Beam spreading losses are simply the losses due
to some transmitted acoustic power not striking the opposite

transducer, a result of the beam width. This in turn is de-
termined by the size of the transducer head relative to the
wavelength of the sound. Combining these two effects, and
assuming reasonable values for the transducer head size and
spacing, we find a favored frequency of about 30 kHz. The
spacing (25 cm) and transducer head sizes ( �����  cm) were
chosen as representative values that minimize wind shadow-
ing, and eddy averaging. Furthermore, they are values that are
consistent with available space on typical landers. Addition-
ally, with these parameters, the transmission and beam losses
total about 23dB, or about a factor of 200 in power.

Our nominal design suggests an instrument roughly 25cm
in each dimension. For mass estimates, we can assume that
similar commercial Earth instruments (which aren’t optimized
for low mass) are upper limits. The Applied Technologies
commercial instrument is about 0.8kg. We anticipate that this
could be reduced by a factor of several. Similarly with power
usage, the Applied Technologies instrument uses less than 1W,
but it fires all 6 inefficient piezo transducers at 200Hz. We
could be quite comfortable with 20Hz repetition rate, and we
expect an efficiency increase of at least an order of magnitude
using better transducers. This could make the power usage
something like a few percent of a Watt.

Finally, the most serious design consideration involves the
transducer itself. As mentioned above, the acoustic impedance
of the transducer will have an enormous impact on its ability
to couple with the tenuous Mars air. Fig. 3 shows how using
a piezo transducer (as is typically done on Earth) will result in
two-way insertion losses of about 118dB. Combining this with
the ����� dB from the attenuation and beam effects gives a total
loss of about 141dB, or a factor of ��
����! #" . This leaves essen-
tially no signal for analysis (typically reported dynamic ranges
are only of order 110dB). However, there are two promising
approaches for better coupling transducers to very low acous-
tic impedances, acoustic horns and capacitive transducers. We
are already engaged in testing 3 different styles of cutting-
edge capacitive transducers, which have shown great promise
in initial tests. We will present quantitative results of the first
round of testing, and suggest some of the redesign concepts
that are being explored going into the second round of testing.
We are also starting fabrication of a set of acoustic horns for
similar testing. The focus of the majority of the research in
this project is evaluating and perfecting these approaches
for use in Mars atmosphere in an acoustic anemometer.
We are quite confident that this will result in a successful
prototype instrument.
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Introduction:  Impact cratering on Mars is signifi-

cantly affected by the presence of subsurface volatiles. 
Martian rampart craters, characterized by the fluidized 
morphologies are thought to form by impact into ice-
rich targets [1]. However, the observed morphologies 
could have been produces by the impact-generated 
winds and vortes as well as, especially if the Martian 
atmosphere was denser in the past [2]. The approach 
based on morphologic studies from images and topog-
raphy fails to discriminate between these two mecha-
nisms. Few attempts have been made to derive 
rheologic parameters of flowing ejecta [3,4]. However,  
further modeling is needed in order to derive the water 
concentration in ejecta at the time of impact. We pre-
sent here an inventory of the available data (morphol-
ogy, topography, roughness, composition) and their 
physical meaning in order to constrain future models 
of the formation of these features. 

 
 
Morphology of ejecta deposits:   
Mobility of ejecta: The mobility of ejecta was de-

fined from the ratio of the run-out distance and the 
diameter of the crater [5]. This term is thought to in-
crease with water concentration. The extent of ejecta 
ranges between twice and 6 or 7 times the radius of the 
craters [6,7]. This approach implicitely assumed a lin-
ear dependence between the extent of ejecta and the 
diameter of the crater for a given concentration of wa-
ter inside ejecta. However, assuming a simple Newto-
nian model (see figure 1) for the flow of ejecta after 
ballistic deposition we demonstrate that a non-linear 
dependence is expected. The one-dimensional equation 
of the flowing material writes as follow: 

 

dz
dvL

dt
dvLH υρ =    (1) 

 
where v(r/R,z,t) is the velocity of ejecta at the position, 
dv/dz its derivative in respect to the vertical direction z, 
ν the viscosity, and ρ the density of the material. L and 
H are characteristic length and thickness of ejecta. H 
and L scales as the radius of the crater, so we get: 
 

 v
R

C
dt
dv

2

υ
=    (2) 

 
where C is a constant which account for the geometry 
of the problem and for the vertical velocity profile.   
 

 
 

Figure 1. Simple model for the emplacement of an 
annulus of ejecta and section of the annulus with verti-
cal velocity profiles. 
 
The solution of this differential equation (2) shows that 
the decrease of the velocity of flowing material fol-
lows an exponential law: 
 

   )exp()/(),/( 20 R
CtRrvtRrv υ−

=  (3) 

 
where v0 is the horizontal velocity at the time of sedi-
mentation. Since the topography of ejecta in gravity 
regime and in the case of ballistic sedimentation is 
self-similar (described by a unique function of r/R), we 
express the velocity as a function of the ratio between 
the ejection location r and the radius of the crater R. 
By integrating between t and infinity, we derive the 
distance δx of the fluidized particles of ejecta after 
ballistic sedimentation: 
 

 
υ

δ
)/(0

2 RrvR
x ∝   (4) 

 
The velocity vo scales as the square root of the ra-

dius of the crater [8]. The mobility of ejecta, defined 
previously as the ratio between the extent of the ejecta 
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and the radius of the crater is computed from δx/R and 
scales as R3/2.  

 
Numerical simulations, using the Z-model with a 

flowing Bingham material in cylindrical geometry also 
demonstrates that the ejecta mobility parameter in-
creases with diameter [4]. This increase of ejecta mo-
bility with diameter questions previous studies where 
ejecta mobility trends where reported withour consid-
ering the distribution of diameters in the data sets. We 
present here the results of 250 measurements of ejecta 
mobility from Viking images in the area of Lunae 
Planum and Sinae Planum. The results are presented as 
contour maps of ejecta mobility for two classes of a 
restricted range of diameter. This approach has also the 
advantage to look at the variation of ground ice with 
depth. Indeed, at a range of diameter corresponds a 
range of depth for the excavated material. These data 
suggest that shallow water reservoirs should be or 
were present below the outflow channels (figure 1). 

 
Sinuosity of ejecta: The sinuosity of ejecta outline 

was first quantifed by [9] using the lobateness formu-
lae. The lobateness is defined as the ratio of the pe-
rimeter of ejecta and the perimeter of the circle having 
the same area. This term is thought to increase with 
water concentration. No significant regional depend-
ence have been reported for the most recent analysis of 
the lobateness parameter [10]. We also proposed a 
physical model in order to explain the sinuous outline 
of ejecta and use this model to derive relative viscosity 
of ejecta [3]. Our results show mainly a decrease of ice 
concentration with depth consistent with the decrease 
of porosity. Howevere, this model, based on instabili-
ties experimentally reported in viscous flow, remains 
speculative in its application to the emplacement of 
ejecta. 

 
Topography:   
Thickness of the deposit: The high resolution 

MOLA data allow to measure the thickness of ejecta 
deposit in order to compare with numerical simulation 
of ejecta emplacement. We plan to make numerical 
simulation of ejecta emplacement considering a Bing-
ham parameter (a material with plastic yield strength 
and viscosity). Previous results have demonstrated the 
interest in the comparison of topographic data on im-
pact and modeled ejecta thickness [11]. However, it is 
likely that the thickness of the final deposit taken alone 
will not allow the inversion of all the unknown pa-
rameters of the problem. 

 
 

 
 
Figure 2. Contour map of ejecta mobility map for 

Lunae Planum and Sinae Planum for two ranges of 
diameters and corresponding depths of material. 
These map have been derived from 250 measurements 
on Viking images. 
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Slopes and roughness: roughness and slopes are 

indicators of the yield strength of the material. Indeed, 
the flow stops when the shear stress related to the local 
topography of the deposit is reached. We adapted a 
tool used in [12] in order to compute averaged slopes 
and roughness on local planes from the interpolated 
MOLA grid at various resolutions (figure 3 and 4). 

 
 The roughess is computed from the following 

formulae: 

 ∑
=

=
N

iN
r

1

21 η  (5) 

where N is the number of points inside the local 
plane, and η the deviation from the mean elevation of 
this plane.  The resolution needed  is yet limited due to 
the gaps between MOLA ground track in the east-west 
direction). A resolution of a few tens of meters would 
be better for such studies. This could be computed 
from photoclinometry on MOC images and will be 
achieved with the Mars Express mission (HRSC in-
strument) from stereophotogrammetric data. 

 
Grain-sizes of transported particles:  Data about 

sorting and grain-size distribution of particles are criti-
cal in determining the mechanism of emplacement. 
Dams of large blocks are commonly observed at the 
head of the debris flow on Earth. The analysis of 
night-time images from THEMIS instrument (Mars 
Odyssey) provide constraints on the abundance of 
rocks and the presence of absence of fine-grained par-
ticles. Preliminary results indicate the presence of a 
higher-temperature zone at the head of some ejecta 
deposits consistent with the presence of large blocks 
(figure 5). We note that this observation is inconsistent 
with the atmospheric model [2] that should transport 
preferentially and to larger distances the fine-grained 
particles. Further observations are needed to constrain 
the effect of post-impact processes (erosion or sedi-
mentation of dust and fine particles). This will be 
achieved using the high-resolution MOC images. This 
hypothesis could be further tested with the photometric 
observations at high resolution to be produces by the 
HRSC instrument (Mars Express). 

 

 
 
Figure 3: Map of slopes from the MOLA grid of the 
lobate crater Yuti (22°N, 34°W). The slopes are aver-
aged over 2km*2km planes.  
 

 
 
Figure 4: Roughness map  from the MOLA grid of the 
lobate crater Yuti (22°N, 34°W). The roughness pa-
rameter  is  averaged over 2km*2km planes. 
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Figure 5. Exemple of night-time THEMIS images 

displaying higher thermal inertia at the head of ejecta 
blanket. (A: image I02231006, 13.302°N, 290.468°E, 
B : image I01544006, 30.068°N, 13.302°, 297.482 °E). 
This observation is consistent with the debris flow hy-
pothesis and is not consistent with ejecta driven mainly 
by atmospheric vortex due to impact winds. 

 
Composition of ejecta:  The composition of ejecta 

is the result of a mixing of the excavated layers. As-
suming a simple Z-model and pure ballistic sedimenta-
tion, the abundance of each layers in ejecta deposits, as 
a function of the distance of the crater, can be esti-
mated (figure 6). In the case of surface flow, we expect 
that the radial variations of the composition of lobate 
ejecta differ from those estimated from ballistic mod-
els or from their dry counterpart on the same geolocgi-
cal unit. The multi-spectral THEMIS images, and the 
data from the OMEGA instrument from Mars Express 
to be launched in summer 2003 will be used to map 
variation of composition of the ejecta deposit. These 
data, on lobate ejecta and on dry ejecta will help us to 
constrain the origin and amount of transported mate-
rial.  

 

 
 

Figure 6. (1) Impact in a four layers model. (2) Abun-
dance maps for ejecta depositis for a 10 km diameter 
impacl. A, B, C and D are abundance of material lin-
side ejecta for each respective layer. Black is 0%, 
white is 100%. These maps have been established for 
Mars, using the Z-model zith Z=3. We assuming a 
ballistic sedimentation of ejecta and the ejection veloc-
ity is given by ve = 0.28(r/R) -1.8*(2*g*R)1/2 [7]. 

 
Conclusion:  We focused on the interest of cou-

pling topographic, morphologic and spectral data to 
study  the emplacement of lobate ejecta in order to 
derive the ground ice concentration of the time of im-
pacts. We believe that the coupling of these data will 
provide the required constrain on the physical and nu-
merical modeling of ejecta emplacement.  
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Introduction:  The Catalog of Large Martian Im-

pact Craters has become a primary resource for infor-
mation about impact craters ≥5-km-diameter on Mars.  
The Catalog, originally derived from Viking Orbiter 
data, is now undergoing revision utilizing new infor-
mation from the Mars Global Surveyor and Mars Od-
yssey missions. 

 
Original Catalog:  The Catalog of Large Martian 

Impact Craters (henceforth called Catalog 1.0) was 
produced between 1982 and 1986 using the hard-copy 
versions of the Viking 1:2,000,000 photomosaics.  
Catalog 1.0 contains information on 42,283 impact 
craters ≥5-km-diameter distributed globally across the 
planet.  Each entry contains the crater’s location (MC 
Subquadrangle, latitude and longitude of crater center), 
size (diameter and, if crater is elliptical, its minor di-
ameter and azimuthal angle of orientation), terrain unit 
on which it is superposed, general preservational class 
(retains ejecta, no ejecta but crater is moderately de-
graded, and “ghost crater”), ejecta and interior mor-
phologies (if applicable), central pit diameter (if appli-
cable), and any comments (such as crater name). 

Catalog 1.0 has become one of the primary re-
sources of crater data for Mars.  Studies utilizing data 
from the Catalog range from crater statistical studies 
[1] and analysis of whether elliptical craters are an-
omalously frequent on Mars [2] to studies of subsur-
face volatile reservoirs [3].  Although not currently 
available on-line, the database has been distributed to 
all who have requested a copy.  The Mars Crater Mor-
phology Consortium has selected the Catalog of Large 
Martian Impact Craters to be the foundational dataset 
for their GIS-based integrated crater inventory [4].  
However, data being acquired by the Mars Global 
Surveyor (MGS) and Mars Odyssey (MO) missions 
have revealed new insights into martian impact crater 
morphologies and morphometries.  The Catalog of 
Large Martian Impact Craters is being revised to in-
corporate the new information from MGS’s Mars Or-
biter Camera (MOC), Mars Orbiter Laser Altimeter 
(MOLA), and Thermal Emission Spectrometer (TES) 
and MO’s Thermal Emission Imaging System 
(THEMIS). 

 
Catalog Revision:  The Catalog revision (hence-

forth called Catalog 2.0) includes many changes from 
its predecessor.  The latitude and longitude of the cra-
ter center are being revised to MDIM 2.1 standards, 

which are tightly controlled by MOLA topography.  
Crater diameters are being verified using MOLA to-
pographic data (MEGDR Version 2.0, 1/128 
pixel/degree).  Terrain units have been updated to the 
stratigraphic units of the USGS geologic maps [5, 6, 
7].  Preservational class is being revised using a 7-
point system (0.0 = “ghost crater”; 7.0 = pristine cra-
ter) based on MOC, MOLA, and THEMIS analyses.  
The ejecta morphology classification is being revised 
using MOC and THEMIS according to the standard-
ized nomenclature system recommended by the Mars 
Crater Morphology Consortium [8].  Up to three dif-
ferent interior morphologies can now be described 
rather than the single feature restriction of Catalog 1.0.  

Several new columns of data are included in Cata-
log 2.0 to describe the morphometric data acquired by 
MOLA.  These include crater depth, rim height, central 
peak height, central peak basal diameter, central pit 
diameter, ejecta extent, and distal rampart height (if 
applicable).  Ejecta perimeter (P) and area (A) are be-
ing measured and included, as is the lobateness value 
(Γ, related to ejecta sinuosity and defined by Γ = 
P/(4πA)1/2 [9]).  Ejecta mobility ratio (EM = maximum 
ejecta extent/crater radius) is being calculated and in-
cluded [10].  Ejecta extent, perimeter, area, lobateness, 
and ejecta mobility ratio are all computed for the one 
layer of the single layer ejecta morphology and  the 
outer layer of the multiple layer ejecta morphology and 
for both the inner and outer layers of the double layer 
ejecta morphology.  TES and THEMIS mineralogic 
and thermal inertia data of the region surrounding each 
crater also are being incorporated into Catalog 2.0 
[11]. 

 
Archival and Distribution Plans: A preliminary 

version a Catalog 2.0 will be provided to the Mars 
Crater Morphology Consortium by Fall 2003 for gen-
eral review.  The final version is expected to be re-
leased for general use by Fall 2004. The Catalog will 
be archived at the US Geological Survey’s Astrogeol-
ogy Branch in Flagstaff, AZ, and will be accessible to 
the research community through the USGS’s Planetary 
Interactive GIS on the Web Analyzable Database 
(PIGWAD) (webgis.wr.usgs.gov).   (Researchers de-
siring a non-GIS based version of the Catalog will be 
able to request one from the author.)  PIGWAD util-
izes ArcGIS software to analyze and compare large 
datasets [12].  Its advantages include the ability to per-
form spatial queries, conduct complex spatial analyses, 
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and overlap multiple datasets.  Catalog 2.0 will form 
the base of an integrated crater inventory being com-
piled by the Mars Crater Morphology Consortium 
members [4, 8] and which will eventually be available 
to the planetary community via PIGWAD. 
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COMPARISON OF DATA IN CATALOGS 1.0 AND 2.0 
 

Catalog 1.0 Catalog 2.0 
Subquadrangle Subquandrangle 
Crater ID Crater ID 
Latitude Latitude (MDIM 2.1) 
Longitude Longitude (MDIM 2.1) 
Diameter Diameter (Major Axis if elliptical) 
Terrain Minor Axis Diameter (elliptical) 
General Preservation Azimuthal Angle (elliptical) 
Ejecta Morphology Stratigraphic Unit 
Interior Morphology Preservation Class (1-7 scale) 
Central Pit Diameter Ejecta Morphology 
Minor Axis Diameter (elliptical) Interior Morphology (3 columns) 
Azimuthal Angle (elliptical) Crater Depth 
Comments Rim Height 

Central Peak Height 
Central Peak Basal Diameter 
Central Pit Diameter 
Ejecta Extent (2 columns) 
Ejecta Perimeter (2 columns) 
Ejecta Area (2 columns) 
Distal Rampart Height 
Lobatness (2 columns) 
Ejecta mobility ratio (2 columns) 
Mineralogy (3 columns) 
Thermal Inertia 
Comments 
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Introduction:  The wealth of multispectral and to-

pographic data acquired by the Mars Global Surveyor 
(MGS) and Mars Odyssey (MO) missions has greatly 
expanded our understanding of the characteristics of 
martian impact craters.  We are supplementing the 
information previously derived from Viking image 
analysis with the higher resolution visible images of  
MGS’s Mars Orbiter Camera (MOC) and MO’s Ther-
mal Emission Imaging System (THEMIS), the day-
night infrared data from THEMIS, and the topographic 
information from MGS’s Mars Orbiter Laser Altimeter 
(MOLA).  Our current studies focus on three general 
areas of crater analysis:  (1) the effect of secondary 
cratering on the absolute age estimates of martian ter-
rain units, (2) development of a preservation classifica-
tion system, and (3) continued studies of what impact 
crater characteristics can tell us about the role of target 
properties (particularly subsurface volatiles) in crater 
formation. 

 
Terrain Ages:  Crater size-frequency distribution 

analysis is the primary method for determining ages of 
surfaces from which we currently have no returned 
samples [1].  The high resolution imagery from MOC 
has revealed much smaller craters than originally ex-
pected based on Viking analysis.  Small craters pro-
vide the ability to obtain statistically useful age data 
for areally-restricted regions but also suffer from the 
possible inclusion of secondary and non-impact cra-
ters.  Many of the MOC-based crater studies have ig-
nored the possible contamination of these non-primary 
impact craters.  Such studies argue that craters from 
non-impact sources can be identified and avoided or 
that they represent a relatively small percentage of the 
total craters included in these studies.  The effects of 
secondary crater contamination are minimalized by 
arguing that the rate of secondary crater production is 
similar for lunar and martian craters—since the mar-
tian chronologies are derived from the lunar crater 
chronology, the inclusion of secondaries has no overall 
effect on the resulting absolute ages for martian terrain 
units [2]. 

We are investigating the claim that secondary cra-
ter production is similar for the Moon and Mars.  We 
are comparing the crater size-frequency distribution 
curves of obvious secondaries surrounding relatively-
fresh lunar and martian craters.  The craters have been 
selected as representative of those which result from 
similar energy impacts on the two bodies.  We have 
utilized MOC and THEMIS VIS imagery for martian 

craters and Clementine and Lunar Orbiter data for the 
lunar craters.  Our preliminary results have looked at 
the secondaries produced by 1-km, 5-km, and 10-km 
diameter asteroids impacting on basaltic lava flows on 
the Moon and Mars.  Two craters for each of the dif-
ferent sized impactors have been studied for both the 
Moon and Mars (for a total of 12 craters studied to 
date).   

Our results reveal that secondary crater production 
is reduced on Mars compared to the Moon for impacts 
of similar energies.  Many of the martian craters dis-
play a layered (“fluidized”) ejecta morphology rather 
than the radial pattern common around fresh lunar cra-
ters.  We believe that the mechanism producing the 
layered ejecta morphology on Mars decreases the ejec-
tion of secondary material along ballistic trajectories, 
thus reducing the number of secondary craters.  These 
results, although still preliminary, have important im-
plications for the very young absolute ages being cited 
for some martian terrain units.  The lower production 
of secondary craters on Mars will lead to fewer craters 
being produced by similarly aged impacts on Mars 
compared to the Moon.  This lower frequency of pri-
mary+secondary craters would be interpreted as 
younger ages for Martian terrain units.  Thus many of 
the areas currently cited as being extremely young on 
Mars may actually be significantly older. 

 
Crater Preservation:   Martian impact craters dis-

play a wide range of preservation forms, ranging from 
pristine to almost completely destroyed (“ghost cra-
ter”).  While crater degradation is observed on all 
solid-surfaced bodies which display impact craters, the 
active geologic environment that Mars has experienced 
has led to a wide variety of degradation styles.  The 
type and amount of degradation experienced by mar-
tian impact craters appears to vary with location and 
age—this observation, first noted from Mariner 9 im-
ages, has led to the hypothesis that Mars has experi-
enced one or more episodes of enhanced degradation 
[3].   

We are using the insights gained from high resolu-
tion imaging studies (MOC and THEMIS VIS), topog-
raphic analysis (MOLA), and thermal inertia data 
(THEMIS IR) to develop a classification system for 
martian crater preservation.   Our classification system 
uses a 0.0 to 7.0 point scale, with 7.0 being a pristine 
crater and 0.0 being one almost completely destroyed 
(“ghost crater”).  Imaging data are used to characterize 
the general appearance of the crater (e.g., presence of 
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ejecta blanket, number of superposed craters, pres-
ence/absence of interior morphologies, breaching of 
crater rims, etc.).  THEMIS IR day-night image com-
parisons help to determine whether large ejecta blocks 
are still retained within and/or around the crater or if 
the crater is largely covered by low thermal inertia 
dust.   The IR data are also providing clearer views of 
craters at high latitudes, which are often obscured by 
clouds in the visible wavelength images.  The topog-
raphic information obtained from MOLA is allowing 
us compare the morphometric properties of impact 
craters to the values expected for fresh impact craters 
of similar size and location.  The degree of degradation 
of features such as crater rim height, crater floor depth, 
and ejecta blanket distal rampart provide an quantita-
tive estimate of the amount of degradation experienced 
by the crater. 

Although the final assignment of a preservation 
class is still based on several qualitative factors, the 
inclusion of information other than moderate resolu-
tion imaging data (like Viking) makes this system a 
vast improvement over previous attempts to classify 
the preservational states of martian impact craters.  
The results of this effort will be included in the revised 
version of the Catalog of Large Martian Impact Cra-
ters [4].  We are beginning to use this classification 
system to study the temporal extent of degradation 
episodes and to determine how subsurface volatile 
concentrations may have varied with time [5]. 

 
Target Properties:  The diversity of new data sets 

containing information about martian impact craters is 
allowing us to focus on the details of what crater mor-
phologies and morphometries are telling us about the 
properties of the target material at the time of impact. 
MOC imagery is revealing that very small craters 
(some as small as 50-meters in diameter or less) dis-
play evidence of layered ejecta morphologies in certain 
locations and that pedestal craters (craters and ejecta 
perched above the surrounding terrain) appear to be 
concentrated in volatile-rich layered deposits [6].  
Analysis of the crater size-frequency distribution 
curves of small craters observed in MOC images con-
firms a dip the the frequency of craters around 1-3 km 
diameter, the same diameter range where layered 
ejecta morphologies typically begin to appear around 
the craters, which is usually attributed to the excava-
tion cavity of the crater beginning to interact with sub-
surface volatile reservoirs [7, 8].  Our analysis of Vi-
king and MOC imagery indicate that regional varia-
tions in the distribution of double layer and multiple 
layer ejecta morphologies are seen which correlate 
with the distribution of near-surface H2O detected by 
the Gamma Ray Spectrometer instrument on Mars 

Odyssey [9]—THEMIS data will provide additional 
insights on whether ejecta morphology correlates with 
surface properties such as thermal inertia and mineral-
ogy.  However, the fact that the distribution of rela-
tively large impact craters (10’s of kilometers in di-
ameter, which are excavating to a few 100’s of meters 
to kilometers depth) with ejecta morphologies com-
monly attributed to the presence of subsurface volatiles 
shows general correlations with the distribution of 
near-surface H2O (< 1 meter depth) suggests that vola-
tile exchange between deep reservoirs and the near 
surface may be more efficient than previously thought.  

The revision of the Catalog of Large Martian Im-
pact Craters [4] is including a considerable amount of 
new information from MGS and MO.  These data in-
clude MOLA-derived measurements of crater mor-
phometry and TES and THEMIS-derived data on 
thermal inertia and mineralogy.  We also are including 
updated crater morphologic data [10] from MOC and 
THEMIS.  The revised Catalog, which contains in-
formation about 42,283 craters ≥5-km-diameter dis-
tributed across the entire surface of the planet, is al-
lowing a more detailed analysis of the correlation of 
crater features with latitude, elevation, terrain, and 
near-surface properties.  These detailed crater data 
combined with new hydrocode models of crater forma-
tion [11] will promote an dramatic improvement in our 
understanding of what impact craters can tell us about 
the target properties on Mars and how they may have 
changed with time. 
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Mars Weather Systems and Maps:  FFSM Analyses of MGS TES Temperature Data.  J.R. Barnes,  College of
Oceanic and Atmospheric Sciences, Oregon State University., Corvallis, OR, 97331,    barnes@oce.orst.edu   .

Introduction:

The Martian atmosphere is a highly dynamic en-
vironment, characterized by major changes on a daily
basis.  Transient baroclinic eddies contribute greatly
to this variability — the weather — as do thermal tides,
and smaller-scale circulations.  The MGS TES at-
mospheric temperature data now permit the daily
variability of Martian weather to be seen, globally,
for the first time.  Fast Fourier Synoptic Mapping
(FFSM) is an analysis method that allows synoptic
maps to be constructed from the highly asynoptic
TES data.  FFSM preserves the full space-time reso-
lution of the data, without distorting or smoothing
higher frequency pheonomena such as weather sys-
tems.  During periods when both ascending and de-
scending (2 PM and 2 AM) orbital data is available,
the frequency resolution of the TES data is equivalent
to two synoptic maps per sol.  During periods for
which either ascending or descending data are avail-
able, but not both, the resolution is only one map per
sol.  In any case, FFSM readily allows the generation
of maps at arbitrary frequencies and times.

A considerable amount of mapping orbit, nadir,
TES temperature data have been subjected to FFSM
analysis.  A wide range of seasonal periods have been
analyzed, from more than two full Mars years.  The
basic product is synoptic temperature maps.  From
these maps, the geopotential height field can be esti-
mated, along with the horizontal winds.  The combi-
nation of these products constitute Mars weather
maps, which allow the very dynamic nature of the
atmosphere to be depicted.

Data Analyses:

MGS TES nadir temperature data have been bin-
ned into one-degree wide latitude bins, spaced at 5
degree intervals.  Maps have been produced for a
number of the TES pressure levels, ranging from the
lowest scale height to 30-40 km above the surface.
Typically, intervals of data of about 20-40 sols in
length are subjected to the FFSM analyses.  Space-
time spectra are a by-product of the analyses, and
these are extremely useful for detailed studies of the
circulation.  The maps are produced at one-half sol
intervals, nominally.  For periods with insufficient
data, the nominal interval is one sol.  For animation
or other purposes, the maps are often generated at
much shorter time intervals.  Several different basic

types of maps have been produced.  These include
maps showing only the transient eddy (non-tidal)
portion of the temperature field, and the total (non-
tidal) temperature field.  Maps including the west-
ward diurnal tide can be produced, but this tide is not
fully resolved by TES.

Using the results from the FFSM analyses of
temperatures, maps of the geopotential heights can be
constructed.  At present, these maps are based upon
an assumption of a flat geopotential surface at some
pressure level near the ground (this is equivalent to
assuming zero horizontal winds at this level).  Using
the geopotential maps, synoptic maps of the hori-
zontal winds can then be produced.  A linear balance
approach has been used to determine the winds.  This
approach yields much better wind estimates than
geostrophic or gradient wind balance does, when the
winds are fairly strong.  It also offers some major
advantages when combined with the FFSM method.
Weather  maps combining the height data, the tem-
perature data, and the wind data, are then constructed.

Results:

In the fall, winter, and spring seasons, the synop-
tic maps evidence a highly dynamic atmosphere.  In
the summer season, the atmosphere is much less dy-
namic except at high latitudes (except for the tides).
Weather systems grow and decay on short time scales
(as short as one sol or less), and can move rapidly
both zonally and meridionally.  Front-like structures
are often prominent.  In both hemispheres the
weather systems preferentially amplify in certain re-
gions — storm zones (Figs. 1 and 2).  At times, the
systems have a highly global structure.  The systems
are of planetary scale, being dominated by zonal
wavenumbers 1-3.  The larger scale systems have
extremely deep structures, with large amplitudes at
very high levels.  An extreme example of this is a
very-large amplitude disturbance which is present
during northern winter (Fig. 3).  It is dominated by
wavenumber one, and has only small amplitudes near
the ground.  It propagates to the east quite slowly
(having a period of ~ 15-25 sols), but this propaga-
tion is actually rather complex when viewed in the
maps.  This disturbance is almost certainly not the
same basic kind of weather system as the others in
the maps, and it may have no real terrestrial counter-
part.  It does appear to be quite characteristic of the
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Martian northern winter atmosphere under dusty
conditions.

Near to the winter solstice season, the weather
systems in the northern hemisphere are much
stronger than those in the south (Figs. 4 and 5).  This
is basically in agreement with the results of GCM
simulations, and appears to be a result of both the
topography of Mars and the eccentricity of the orbit.
However, later in southern winter the systems are
found to be much more vigorous.  They are also more
vigorous in early spring in the south.  The southern
hemisphere weather systems are somewhat different
than those in the north, as they are largely confined to
the western hemisphere and especially to the vicinity
of the southern extension of Tharsis and Argyre (Fig.
6).  They tend to have relatively shallow vertical
structures, and tend to be characterized by shorter
zonal scales than the northern winter systems.  They
also have shorter dominant periodicities.

The northern weather systems are typically
marked by strong storm zones.  These storm zones
basically coincide with the broad lowland regions in
the north:  Acidalia and Utopia/Arcadia.  They can
extend to very high altitudes.  Especially within these
regions, the weather systems are often seen to pene-
trate well to the south (Fig. 7).  A similar behavior
has been seen in the MOC imagery in late winter and
spring, when it is associated with dust events.  The
weather systems near the winter solstice season in the
north tend to have very deep structures, while those
in the fall and in the spring are much less deep.  The
systems tend to be located further south in winter,
and are located at higher latitudes in the early fall and
the spring seasons.  They always are located near the
region in which the north-south temperature gradients
are strongest, which tends to be near the edge of the
seasonal polar cap.

The very strong global dust storm which began in
early fall in the second MGS mapping year had a
strong impact on the weather systems.  They were
greatly diminished in strength in comparison with the
systems in the same season in the first mapping year.
This is consistent with observations made by the Vi-
king Landers during the first Viking year.  Later on,
when this global storm was still raging, the slowly
moving, wave-one disturbance was present in the
north at very large amplitudes.  There are consider-
able differences in the weather system activity in the
two Mars years of MGS mapping, and the bulk of
these appear to associated with regional and global
dust storm activity.

Summary:

FFSM analyses of MGS TES nadir temperature
data have allowed the construction of Mars weather
maps:  synoptic maps showing temperatures, geopo-
tential heights, and horizontal winds on constant
pressure surfaces.  The winds have been determined
by making use of a linear balance approach, which is
much more accurate than geostrophic balance when
the winds are fairly strong.  It is assumed that the
winds vanish at a pressure level near the ground, in
the absence of sufficiently accurate surface pressure
data.  Maps have been produced for a wide range of
seasons in both hemispheres, at levels between the
surface and ~ 40 km, for more than two full Mars
years.

The maps show a highly dynamic atmosphere in
the fall, winter, and spring seasons.  Weather systems
are seen to grow and decay on short time scales, and
can move very rapidly.  They tend to amplify in cer-
tain regions — storm zones — which are strongly cor-
related with the topography.  The storm zones have
very different structures in the two hemispheres,
presumably reflecting the very different topography
in the two hemispheres.  The weather systems can
have very deep vertical structures, with some of them
exhibiting maximum amplitudes at very high levels
(~ 30-40 km or above).  Near to the winter solstice
seasons, the northern weather systems are much
stronger than their southern counterparts — much as
predicted by GCM studies.  The northern systems
also tend to be of larger scale and to have deeper
structures.  They tend to have longer periodicities.

The weather maps allow the highly dynamical
nature of the atmosphere to be clearly seen.  This is
limited by the difficulty that the TES retrievals have
in sampling the lowest part of the atmosphere, and by
the relatively coarse resolution of these retrievals.
Nonetheless, a great deal of complex weather activity
is apparent in the periods which have been mapped to
date, and this activity differs substantially between
the two MGS mapping years.  The synoptic maps
have considerable potential, in synergy with MOC
imagery,and TES dust and water vapor/ice data, to
give us a much better picture of the atmospheric part
of the climate system of Mars.  Such studies are cur-
rently underway.
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Figure 1:  Temperature variance of the weather
systems in northern winter, at the 6.1 mb level.

Figure 2:  Temperature variance of the weather
systems in southern mid-winter, at the 3.7 mb level.

Figure 3:    A synoptic map of upper-level tem-
peratures during a northern winter period when the
slow, wavenumber one disturbance is dominant.

Figure 4:  Zonally-averaged weather system tem-
perature variance for a northern winter solstice pe-
riod.
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Figure 5:  Zonally-averaged weather system tempera-
ture variance for a southern winter solstice period.

Figure   6:     A synoptic map of temperatures associ-
ated with  southern weather systems during mid-winter.

Figure 7:      A synoptic map of temperatures associated
with northern weather systems during the first mapping
year fall season.
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Introduction:  The Integrated Software for Imagers and 
Spectrometers (ISIS) package is a widely used 
planetary data processing and cartography software 
system produced by the Astrogeology program of the 
USGS in Flagstaff, AZ [1-4].  Recent additions to the 
ISIS system provide useful tools for extracting and 
projecting Thermal Emission Spectrometer (TES) data 
for use with other ISIS programs to process, analyze, 
and visualize these data, particularly in comparison 
with other Mars data sets. 
 
Overview of new tools.  The following programs and 
tools can be used for extracting and processing TES 
data and are available in ISIS: 
• vanna - An ISIS interface to the "vanilla" 

command-line software from the TES team at 
Arizona State University (ASU).  This allows the 
user to create an ascii or binary database of TES 
data for a given region on Mars.  The vanna 
program can be used alone or via tesemiss.  

• tesemiss - Uses vanna to retrieve TES emissivity 
and related data from a "vanilla" database.  Allows 
extraction of TES data such as emissivity, lambert 
albedo, or target temperature for a given region on 
Mars.  Searches can be restricted on the basis of 
albedo, dust, clouds, Ls, and other parameters 
associated with the TES data. 

• lev2raster - Rasterizes ascii or binary data 
generated from vanna or tesemiss using specified 
latitude and longitude coordinates.  This is a 
generalized program that creates an ISIS image 
cube of TES data, using square representations of 
TES pixels (defaulting to 3.15 km resolution).  It 
can be used to create TES cubes that are 
coregistered to MOC, MOLA, and/or MDIM data. 

• tesmap – An ISIS implementation of the DMAP 
software provided by the ASU team, but refined to 
use the specific SPICE data for a given set of 
observations.  tesemiss is mainly intended for use 
in accurately projecting and registering TES 
mosaics or emission phase function observations 
onto existing MDIM 2.1, MOC, MOLA, or 
THEMIS images or mosaics.  Like lev2raster, 
tesmap can be used to produce images of any TES 
parameter value, but tesmap accounts for 
variations in footprint size depending on viewing 
angle and spacecraft trajectory, and has been 
modified to permit projection of both TES 5 cm-1 
and 10 cm-1 data.  It processes ascii data extracted 
using the vanna application. 

Discussion:  Processing of TES data in ISIS is a two 
step process.  The first step is to extract the TES data 
from the vanilla database.  Fundamental to this process 
is the ISIS vanna application.  vanna was created to 
make interfacing with ASU’s vanilla application more 
in line with ISIS processing philosophy.  vanna 
provides the familiar TAE interface and scripting 
capabilities within the ISIS system.  It maintains 
consistency with vanilla’s “-select” and “-fields” 
parameters.  The resulting text output file is a slightly 
modified version of the vanilla output file in which a 
‘#’ symbol is added to all comments along with an 
additional comment line that contains the vanilla 
command used to generate the dataset. 
 
   The second step is the projection of TES data in the 
ISIS system.  The lev2raster and tesmap ISIS 
applications take the output files generated by vanna 
and project them to any projection supported by the 
ISIS system.  Both applications have the ability to: (1) 
project multiband TES datasets such as emissivity; (2) 
construct new output products from user specified 
projection properties (e.g., latitudinal ranges, 
projection type, coordinate system (e.g., 0 to 360 or –
180 to 180 and positive east or west longitude, 
planetocentric and planetographic latitudes); (3) inherit 
projection properties from an existing projected ISIS 
product; and (4) provide support for both 5 cm-1 and 
10 cm-1 TES data.  However, these two applications 
differ in how they map the data into the projection 
space. 
 
LEV2RASTER 
   lev2raster utilizes the latitude and longitude values 
directly from the TES vanilla database to determine 
where each detector observation is mapped in the 
output projected ISIS product.  These values were 
precomputed and stored in the database by the ASU 
TES team using the planetary radii and prime meridian 
values from Mars 1994 IAU specification and 
planetary, spacecraft and instrument ephemerides (i.e., 
NAIF SPICE PCK, SPK and CK data).  Any Mars data 
sets that are not geometrically projected using 
precisely the same IAU and ephemerides data will be 
spatially misaligned.  lev2raster addresses this 
problem with input parameters that allow users to 
specify which IAU values to use in the creation of new 
projected products (via the parameter value 
TARGDEF), make adjustments to longitude values to 
align prime meridians (parameter PMEROFF) and 
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specify a configuration file (parameter CONFIG) that 
along with the vanna output file completely describes 
the TES viewing geometry. 
 
   Because lev2raster plots individual detector 
observations, data must be projected at a fixed 
resolution that best represents TES observing 
conditions.  For 10 cm-1 data, this is approximately 
3.15 km per pixel resolution.  To directly compare 
these data to existing data sets of different resolutions 
requires a reprojection using the lev2tolev2 ISIS 
application.  For multiple TES values that map into the 
same pixel location, data can be averaged, replaced by 
subsequent data, or the initial value can be preserved.  
Although lev2raster is mainly intended for use with 
data sets covering large regions [5], in Figure 1 we 
show for comparison to tesmap the results of the 
lev2raster application for a partial TES mosaic 
acquired at 10 cm-1 resolution and a full mosaic at 5 
cm-1 resolution [6].   
 
TESMAP 
   The ISIS tesmap application is similar in its 
approach to projecting TES data to the DMAP tool 
produced by the ASU TES team.  DMAP provides an 
instrument model for the TES 3-by-2 detector array.  
Using data that is stored in the vanilla database, 
DMAP constructs a latitude/longitude grid from data 
selected by the user using the vanilla application.  
DMAP can optionally project TES data onto a 
background map such as an MDIM subscene [cf. 7]. 
 
   Using image motion compensation (IMC), TES has 
the ability to compensate for spacecraft orbit motion, 
stepping the mirror to maintain pointing at a specific 
location on the surface of Mars.  However, because the 
Mars Global Surveyor (MGS) spacecraft had its 
downtrack orientation reversed prior to the mapping 
phase (causing MGS to orbit Mars backwards from its 
originally intended direction), the IMC mode was not 
used [7].  Without IMC, the TES field of view (FOV) 
is better described as a “smear.”  The mirror motion 
remains fixed and spacecraft motion governs 
observation conditions during the 1.8 sec data 
collection duration for TES 10 cm-1 mode (3.6 sec for 
5 cm-1 mode).  DMAP compensates for non-IMC mode 
by providing a model that simulates the resulting 
smear effect during observations under these viewing 
conditions.  Essentially, this model represents each 
individual TES detector as an elongated detector 
(rectangular in appearance as opposed to square) in the 
downtrack direction of the MGS orbital path.  This 
approach assumes the downtrack speed and altitude of 
MGS are constant for all observations.  According to 

the ASU TES team, the vanilla database stores the 
ephemeris time of TES observations corresponding to 
the exact middle of the exposure duration.  Under 
these conditions, TES observations are modeled as an 
instantaneous FOV (IFOV) at the middle of the 
exposure duration. 
 
   An additional characteristic of the TES instrument is 
the ability to collect data off-nadir.  The TES stepping 
mirror can be commanded to different angles from 
nadir along track.  Off-nadir TES observations are 
used to collect mosaics.  This technique utilizes the 
rotational motion of Mars and careful planning of 
systematic changes in mirror angles to collect off-nadir 
looking data resulting in a mosaic of TES 
observations.  One side-effect of off-nadir mirror 
angles is that the TES detector array is also rotated by 
the same angle.  Figure 2 shows the result of a 10 cm-1 
mosaic as mapped by the DMAP application.  Data that 
is off-nadir is mapped at increasing angles counter-
clockwise to the nadir looking data.  Note that DMAP 
does not provide a FOV model for 5 cm-1 TES data 
collected using non-IMC mode. 
 
   The ISIS tesmap application derives new geometric 
coordinates for each detector FOV directly from the 
ephemeris time stored in the vanilla database for each 
observation. As mentioned previously, this time 
cooresponds to the middle of the exposure duration for 
all TES observations.  tesmap incorporates the use of 
the TES IMC-mode detector model from DMAP to 
represent the specifications of each detector in the TES 
instrument array.  tesmap maps non-IMC observations 
by direct computation using SPICE data of the IFOV 
at the start and the end of the exposure duration for 
each detector.  The start time of the observation is 
determined by subtracting half the exposure duration 
from the ephemeris time as stored in (and retrieved 
from) the vanilla database.  The end time is half the 
exposure duration added to the ephemeris time.  The 
smear effect is achieved by combining the detector’s 
endpoint IFOVs and the downtrack motion resulting in 
the elongated detector footprint FOV.  Figure 3 shows 
the results of tesmap for the same data used to create 
Figures 1 and 2. 
 
Discussion.  The computation of the DMAP detector 
FOVs differs from that in tesmap.  DMAP generates a 
single IFOV assuming fixed spacecraft velocity and 
altitude using SPICE ephemerides to determine 
viewing conditions at mid-exposure time.  tesmap 
relies upon SPICE ephemerides to determine exact 
spacecraft position and instrument platform pointing at 
the start and end of every observation for each detector 
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in the array.  The combination of the two endpoint 
IFOVs for detectors naturally create the smear effect 
for each observation.  Off-nadir observations for both 
DMAP and tesmap are handled by rotating the detector 
footprints by the same angle.  However, DMAP’s off-
nadir representations are an IFOV of a model that 
simulates detector smear whereas tesmap is a 
combination of actual rotated detector IFOVs at the 
endpoints of the exposure duration.  In summary, the 
computed footprint in tesmap is different than DMAP 
because it is created from endpoint IFOVs using 
SPICE ephemerides.  This takes into account relative 
spacecraft position, downtrack velocity, and 
instrument pointing computed at the endpoints of the 
exposure duration.   
 
   DMAP and tesmap have options for managing 
overlapping data.  Overlapping data occurs because of 
the organization of the detector array in a 3-by-2 
pattern.  With this configuration, the downtrack 
detector row for a given observation will have portions 
of the same region observed by the uptrack row during 
the same observation.  Both applications have average, 
minimum, maximum, first and last options to process 
common areas of overlap.  tesmap has the additional 
option that merges (averages) the data from all six 
detectors and then replicates the average value for each 
detector. 
 
   Inherent in the implementation of tesmap is the 
ability to use different Mars IAU specifications.  
Geometric data in the TES vanilla database were 
computed using 1994 IAU Mars specifications, 
whereas the design of tesmap allows the users to 
explicity select the desired IAU specifications of Mars.  
Within the ISIS system, it defaults to the most current 
IAU specification and ensures that products from other 
missions or instruments processed in ISIS are 
consistent for direct comparison.  
 
   tesmap can convert between planetocentric and 
planetographic latitude representations and variations 
in longitude systems.  Geometric data in the vanilla 
database are stored in planetocentric latitudes and 0 to 
360 degree WEST longitudes.  Usage of these data in 
other cartographic representations must work in that 
environment or explicity handle the conversion.  
tesmap avoids this because it computes new geometry 
strictly from the time of the observation using SPICE 
data contained within the ISIS system. 
 
   In summary, tesmap most accurately represents the 
nadir and off-nadir TES footprint because it is based 
upon IFOVs at the start and end of the exposure 

duration computed from SPICE ephemeris.  It supports 
both 5 and 10 cm-1 TES observation data.  It is 
compatible with ISIS and products derived using the 
ISIS software system, but is sufficiently flexible to 
allow the user to modify many aspects of the resulting 
map projected product to match other non-ISIS image 
products.  For comparison, lev2raster provides the 
flexibility to control the projected resolution of a 
specific TES observation, and is more suitable for 
generating image products of large regions.   
 
   Future work will provide the ability to map TES data 
using the MOLA DEM instead of the IAU spheroid 
description for the Martian surface.  Additional 
refinements to tesmap will increase computational 
efficiency, thereby making tesmap more suitable for 
mapping large regions. 
 
Availability.  The functionality and usage of the vanna, 
lev2raster, and tesemiss tools is described more 
completely in "cookbook" form under "TES 
Emissivity Data Processing with ISIS" at: 
http://wwwflag.wr.usgs.gov/isis-bin/documentation.cgi 
 
   Use of these TES programs in ISIS requires the 
vanilla software and access to the TES data.  vanilla 
can be acquired from any PDS TES cdrom and also 
from the ASU vanilla site below.  Although TES data 
can be acquired by downloading contents of the widely 
distributed PDS TES cdroms, it is highly 
recommended that they be downloaded from an online 
database (see below) and that a structured TES 
“DATASET” be created according to the instructions 
found at the TES team site at ASU: 
http://software.la.asu.edu/vanilla/vanilla2.html 
 
   Questions on the use of vanilla and the DATASET 
format can be directed to vanilla@tes.asu.edu.  The 
TES data and special products are available online at: 
http://wufs.wustl.edu/missions/mgs/tes/index.html 
http://tes.asu.edu/data_archive 
 
   To read more about ISIS and get a copy of the ISIS 
software, see these Web sites: 
http://wwwflag.wr.usgs.gov/isis-bin/isis.cgi 
http://wwwflag.wr.usgs.gov/isis-bin/acquireisis2.cgi 
 
   Questions about ISIS and the use of these programs 
can be addressed to: 
http://isisdist.wr.usgs.gov/ 
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Figure 1.  (left) Moc WA mosaic centered on –24º, 167.5ºE; (middle) lev2raster temperature image of 10 cm-1 
mosaic (only partial coverage obtained, incidence angle 48°, local time 14:45),  (right) lev2raster temperature image 
of 5 cm-1 mosaic (full coverage, incidence angle 25°, local time 13:48).   
 

   
 
Figure 2.  (left) Moc WA mosaic centered on –24º, 167.5ºE; (middle) DMAP temperature image of 10 cm-1 mosaic.  
An additional manual image shift corresponding to 0.271º longitude is required to align the TES image with the 
MOC basemap as a result of prime meridian differences; (right) MOLA image of region. 

 

   
 
Figure 3.  (left) Moc WA mosaic centered on –24º, 167.5ºE; (middle)  tesmap temperature image of 10 cm-1 mosaic 
(right) tesmap temperature image of 5 cm-1 mosaic (full coverage). 
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Introduction:  The Visible Imaging Subsystem
(VIS) on the NASA Mars Odyssey spacecraft's
THEMIS instrument has been obtaining high spatial
resolution 5-color visible wavelength images of Mars
since mapping began in February 2002 [1,2].  VIS is a
1024¥1024 interline transfer CCD camera that uses
narrowband interference filters bonded to the CCD to
acquire multispectral images from Mars orbit at central
wavelengths of 425, 540, 654, 749, and 860 nm (±25
nm).  This abstract describes the newest data reduction
and calibration methods used to process VIS data, and
presents some initial results on surface color properties
at high spatial resolution.

Calibration and Data Processing: Raw VIS
images returned from the spacecraft suffer from a
number of the "usual" calibration challenges in-
herent in CCD imaging, as well as from unique
calibration and processing issues related to the
VIS design and the specific environment in which
VIS is operating.  These issues include (a) Bias
and dark current signals which need to be re-
moved; (b) pixel-to-pixel responsivity (flatfield)
variations that need to be characterized and ac-
counted for; (c) frame transfer smear signal re-
sulting from the finite time it takes to transfer
charge to the CCD serial register and the fact that
the frame transfer masks are not completely
opaque; (d) scattered light impinging on the VIS
field of view; (e) derivation of a set of coeffi-
cients to convert corrected DN values to radiance;
(f) mapping and coregistration of different wave-
length bands; and (g) Generation of "true color"
display products.

(a) Bias and Dark Current. Bias signal is
characterized and removed from VIS images us-
ing images obtained over the nightside of the
planet.  Typical bias signal levels are only a few
DNs and there is a repeatable spatial pattern to the
signals. Dark current has not been detectable in
flight because of the low operating temperatures
and the extremely short exposure times (less than
10 msec) used for VIS images.

(b) Flatfield.  Pixel to pixel responsivity
variations arise from intrinsic variations in the
detector, spatial variations in the transmissivity of
the color filters, or geometric effects from the
THEMIS optics.  These effects were assessed us-

ing a combination of pre-flight calibration files
and in-flight averages of hundreds of images to
generate "superflat" frames.  In practice, flatfield
variations are not completely separated from
scattered light artifacts (see (d)), so the calibration
pipeline handles both effects simultaneously.

(c) Frame Transfer Smear.   Charge generated
by the VIS CCD pixels is transferred to a masked
register adjacent to each pixel for eventual
clocking and transfer off the chip.  However, the
frame transfer time is much longer than the expo-
sure time and the masked areas are not completely
opaque.  The result is extra signal added to the
desired signal, in proportion to the distance of
each pixel from the CCD horizontal register.  This
is commonly known as frame transfer smear, and
can be accurately characterized and removed us-
ing a combination of knowledge of the CCD tim-
ing and specially-designed zero exposure time
images.  The zero images provide measurements
of only the frame transfer smear component.  We
have obtained in-flight zero measurements over a
variety of albedo terrains in order to characterize
both the magnitude and "color" of the frame
transfer smear, in order to model and remove it as
part of our processing pipeline.

(d) Scattered Light. The beam from the
THEMIS telescope impinging on the CCD
slightly overfills the field of view.  Some of this
out of field light is reflected off structures in both
the VIS detector and telescope assemblies, im-
parting a scattered light signal onto the raw im-
ages.  Fortunately, the scattered light pattern is
repeatable, and in-flight observations are helping
to characterize and remove it from the desired
signal.  Accurate knowledge of the scattered light
and frame transfer smear components has also
allowed us to develop an accurate exposure time
prediction model so that we can optimize the de-
sired signal level in each wavelength even in the
presence of these "contaminating" signals.

(e) Radiance Conversion.  The above steps
result in a set of instrumentally-calibrated images
expressed in "corrected DN" values. Because the
measurement environment experienced by VIS in
orbit is substantially different than that which was
able to be simulated during pre-flight testing, we
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have relied almost entirely on in-flight observa-
tions to derive a set of absolute radiometric scal-
ing coefficients.  Our approach is twofold:  (1)
We use our "superflat" observations in each filter
to derive an average 5-color Mars corrected DN
spectrum as observed by VIS.  We then use well-
calibrated Hubble Space Telescope (HST) Wide
Field/Planetary Camera 2 clear-atmosphere ob-
servations from 255 to 1042 nm [3] to generate an
average HST spectrum of Mars using data ob-
tained only at the same average incidence angle as
the VIS measurements.  This average HST spec-
trum is then convolved to the VIS bandpasses and
the ratio of it to the average VIS corrected DN
spectrum results in a set of scaling coefficients to
convert corrected DN per msec to W/m2/nm/sr.
(2) The validity of this approach is being tested
by new sets of simultaneous VIS and HST obser-
vations during 2003.  The first set of simultaneous
measurements was performed on March 8, 2003;
29 sets of 5-color VIS sequences were acquired
within two hours of HST multispectral imaging
from 220 nm to 892 nm using HST's new Ad-
vanced Camera for Surveys (ACS) instrument; 10
of these VIS image sets were acquired at exactly
the same time as the HST measurements. Initial
analysis of these simultaneous observations
shows that our default average-based radiance
coefficient approach appears to be accurate to
within ~5% for VIS bands 1 through 4, and within
~15-20% for VIS band 5 (860 nm), which has the
largest scattered light component.  These results
are preliminary and will be augmented by addi-
tional simultaneous HST/Odyssey observing
campaigns. Notably, a planned campaign during
the August 2003 opposition will take advantage
of the fact that HST will be able to obtain a spa-
tial resolution of ~4 km/pixel using ACS, mean-
ing that typical 36 m/pixel color VIS image strips
will correspond to about 5x15 HST pixels, a sta-
tistically more significant number for refining the
calibration coefficients.

(f) Mapping and Spectral Coregistration.
Calibrated radiance images are map projected
using SPICE pointing information that predicts
the corners and center latitude and longitude of
each VIS framelet based on knowledge of the
spacecraft's orbit and attitude history.  Our map-
ping software warps each framelet onto a simple
cylindrical grid, but does not yet take into account
the small amount of geometric optics distortion
across the VIS field of view.  Each band in a VIS
multispectral sequence maps to a slightly different
part of the surface [2].  Dead-reckoning the

pointing and mapping this way does not result in
a perfectly coregistered set of multispectral im-
ages, however, because of small pointing uncer-
tainties and distortion errors.  Therefore, after
each band is mapped, we use an autocorrelation
routine to co-align the bands (usually using the
654 nm band as the reference) for multispectral
analysis and spectrum extraction.  As part of this
mapping process, we also generate "backplanes"
of additional information (latitude, longitude, in-
cidence, emission, and phase angle for each pixel)
that are needed for photometric correction and/or
radiative transfer modeling of the calibrated data.

(g) True Color Images.  For education and
public outreach as well as aesthetic purposes we
are also generating sets of "true color" VIS im-
ages using the radiometrically calibrated data.
The intention of these products is to simulate the
color of the surface as it would be seen by a per-
son with an average human photopic response
function, were they riding along with Odyssey at
Mars.  Our radiance images are first converted to
the CIE's xyz color space (x and y are chromatic-
ity; z is brightness [4]) using the CIE's standard
"D65" color matching functions [5]. The xyz col-
ors are then converted to the Web-friendly sRGB
color system and written to TIFF files that pre-
serve the sRGB standard color map and allow the
colors to be uniformly displayed by many differ-
ent software packages or Web browsers.

VIS images are currently downlinked using a
combination of 12 to 8 bit companding and
lossless DCT compression. Possible use of lossy
compression is being investigated for future en-
hancement of the total VIS surface coverage.

Results: Examples of some mapped and
coregistered images are provided below, along
with some typical 4-color VIS spectra extracted
from these data (band 5 is still problematic).  Sev-
eral themes are emerging from this high resolu-
tion multispectral imaging campaign: (1) Color
variations are usually subtle–many occur but of-
ten at the limits of VIS resolution; (2) Dark, ap-
parently aeolian deposits exhibit different colors,
suggesting particle size and/or compositional
variations; and (3) An enigmatic class of “blue”
crater floor deposits has been identified but its
composition or origin is not yet understood.

References: [1] Christensen, P.R. et al. (1999)
LPSC XXX, Abstract #1470. [2] Bell III, J.F. et al.
(2003) LPSC XXXIV, Abstract #1993. [3] Bell III, J.F.
et al. (2003) submitted to I c a r u s . [4] e . g . ,                    
hyperphysics.phyastr.gsu.edu/hbase/vision/cie.html [5]
Estrada, P.R. & J.N. Cuzzi (1996) Icarus, 122, 251.
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Figure 1 (left) Approximate true color image of an un-
named 23 km diameter crater in western Arcadia Planitia,
near 39°N, 179°E.  The crater shows a number of inter-
esting internal and external features that suggest that it
has undergone substantial modification since it formed.
(top) Approximate true color image of part of the low
albedo channel floor of Granicus Vallis, near 28°N,
132°E (V03578003). North is up in all mosaics shown.

Figure 2. (left) False color RGB composite of part of VIS image V04277003
showing craters in Aeolis near 13°S, 157°E.  The enlarged segment (top)
shows an example of an enigmatic and substantially "bluer" deposit on the
floor of one crater.  The deposit is heavily cratered and appears near the
downslope mouth of a small valley incised in the crater wall. The higher
albedo deposit itself is surrounded by a diffuse and also bluer floor unit.
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Figure 3.  Examples of 4-color VIS spectra extracted from different units in Figure 2.  (left) I/F spectra (I is detected
radiance and pF is the incident solar radiance in that bandpass); "Blue Deposit 1" and "Blue Deposit 2" are from the
higher albedo floor deposit adjacent to the small valley; "Blue Floor 2" is from the surrounding diffuse and bluer unit;
"Red Floor 1" is from the surrounding crater floor region that does not show this unique spectral signature.  Even the
"blue" deposits can be seen to be quite red in color.  The relative differences are better shown in the spectra on the
right, where the average spectrum of the whole scene has first been divided out.  The blue deposit is 20-30% brighter
in VIS band 1 than the average.  The calibration of band 5 (863 nm) is not yet adequate to allow spectral analysis.

Figure 4. (left) False color RGB composite from VIS image
V03233002 of the deposit known as "White Rock" in Pol-
lack crater, near 8°S, 25°E.  (top) I/F spectra from the de-
posit–which is clearly not white–and the surrounding crater
floor and dunes; (bottom) Average-removed spectra.
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Pancam: A Multispectral Imaging Investigation  on  the NASA 2003 Mars  Exploration  Rover  Mission.
J.F. Bell III1, S.W. Squyres1, K.E. Herkenhoff2, J. Maki3, M. Schwochert3, A. Dingizian3, D. Brown3, R.V. Morris4,
H.M. Arneson1, M.J. Johnson1, J. Joseph1, J.N. Sohl-Dickstein1, and the Athena Science Team. 1Cornell University,
Dept. of Astronomy, Ithaca NY 14853-6801;   jfb8@cornell.edu   , 2USGS Branch of Astrogeology, Flagstaff AZ
86001, 3JPL/Caltech, Pasadena CA 91109, 4NASA/JSC, Code SR, Houston TX 77058.

Introduction:  One of the six science payload ele-
ments carried on each of the NASA Mars Exploration
Rovers (MER; Figure 1) is the Panoramic Camera
System, or Pancam.  Pancam consists of three major
components: a pair of digital CCD cameras, the Pan-
cam Mast Assembly (PMA), and a radiometric cali-
bration target [1].  The PMA provides the azimuth and
elevation actuation for the cameras as well as a 1.5
meter high vantage point from which to image.  The
calibration target provides a set of reference color and
grayscale standards for calibration validation, and a
shadow post for quantification of the direct vs. diffuse
illumination of the scene.  Pancam is a multispectral,
stereoscopic, panoramic imaging system, with a field
of regard provided by the PMA that extends across
360° of azimuth and from zenith to nadir, providing a
complete view of the scene around the rover in up to
12 unique wavelengths.  The major characteristics of
Pancam are summarized in Table 1.

The scientific goals of the Pancam investigation
are to: (a) obtain monoscopic and stereoscopic images
and mosaics  to  assess  the morphology, topography,
magnetic properties, and geologic context of the two
MER landing sites–nominally Gusev crater and Me-
ridiani Planum; (b) obtain  multispectral images of
selected regions to determine surface color and miner-
alogic properties; (c) obtain multispectral images over
a range of viewing geometries to constrain surface
photometric and physical properties; and (d) obtain
images of the Martian sky and Sun to determine dust
and aerosol opacity and physical properties. In addi-
tion, Pancam also serves a variety of operational func-
tions on the MER mission, including (e) serving as the
primary Sun-finding camera for rover navigation; (f)
resolving objects on the scale of the rover wheels to
distances of ~100 m to help guide tactical rover navi-
gation decisions; (g) providing stereo coverage ade-
quate for the generation of digital terrain models to
help guide and refine strategic rover traverse decisions;
(h) providing high resolution images and other context
information to guide the selection of the most inter-
esting in situ sampling targets; and (i) supporting ac-
quisition and release of exciting education and public
outreach (E/PO) products.

Pancam utilizes two 1024×2048 Mitel frame trans-
fer CCD detector arrays, each having a 1024×1024
active imaging area, a 1024×1024 masked frame trans-
fer storage area, and 32 additional serial register refer-
ence pixels per row for offset monitoring (Figure 2).
Each array is combined with optics and a small 8-
position filter wheel to become one "eye" of a multis-
pectral, stereoscopic imaging system. The optics for

both cameras consist of identical 3-element symmetri-
cal lenses with an effective focal length of 42 mm and
a focal ratio of f /20, yielding an IFOV of 0.28
mrad/pixel or a rectangular Field of View (FOV) of
16°× 16° per eye (Figures 3,4).  The two eyes are sepa-
rated by 30 cm horizontally and have a 1° toe-in to
provide adequate parallax for stereo imaging (Figure
5). The camera FOVs have been determined relative to
the adjacent wide-field stereo Navigation Cameras, and
the Mini-TES FOV.  The Pancam optical design is
optimized for best focus at 3 meters range, and allows
Pancam to maintain acceptable focus from infinity to
within 1.5 meters of the rover.

Each eye's 8-position filter wheel allows multis-
pectral sky imaging, direct Sun imaging, and surface
geologic and mineralogic studies in the 400-1100 nm
wavelength region (Table 2 and Figure 6).  The filters
have been selected to sample (a) the near-UV to visible
ferric absorption edge from ~440 to 750 nm, the slope
of which has been shown to be an indicator of ferric
mineral crystallinity [e.g., 2], (b) two crystalline ferric
oxide absorption features typically centered near 650
nm and 860-900 nm, which have specific band centers
that are diagnostic of oxide vs. oxyhydroxide compo-
sitions [e.g., 2,3], and (c) the short wavelength wing of
the classic "1 micron" absorption band in ferrous sili-
cates like pyroxene, which has a band shape and posi-
tion that can be diagnostic of the specific pyroxene
(Ca, Fe, Mg) chemistry [e.g., 4].

Pancam has been designed to operate within cali-
brated specifications from -55°C to +5°C.  The cam-
eras have undergone standard CCD, radiometric, and
geometric calibrations both at the component and sys-
tem (rover) level.  These calibrations include charac-
terization of the dark current and bias, flatfield, and
system-level spectral responsivity of each camera.

An onboard calibration target and fiducial marks
provide the ability to validate the radiometric and
geometric calibration on Mars.  The calibration target
(Figure 7) is mounted on the -X solar panel and pro-
vides a set of well-characterized grayscale and color
materials to validate or re-derive the spectroradiomet-
ric coefficients needed to convert instrumentally-
corrected DNs into calibrated radiances.  The target
also serves a secondary role as part of a web-based
"Mars sundial" E/PO and K-12 curriculum project.

Pancam relies heavily on use of the JPL ICER and
LOCO compression algorithms to maximize data re-
turn within stringent mission downlink limits.  All
calibration and flight data products will be generated,
archived, and released with the NASA Planetary Data
System in PDS image format.
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MER PANCAM INVESTIGATION:  J.F. Bell III et al.

Table 1.  Pancam Instrument Characteristics

Mechanical/Environmental

• Two independent digital CCD cameras

• 30 cm stereo separation, 1° toe-in

• Mast-mounted, 1.54 meters above surface

• 360° azimuth and ±90° elevation actua tion

• Mass of each camera: ~270 g

• Typical power consumption ~3 W per camera

• Operating temp. within specs: -55°C to +5°C

• Onboard calibration target, fiducial marks

• Each camera has an 8-position filter wheel

• Uses ICER (wavelet) and LOCO (JPEG) compression algorithm

Optics

• 3-element Cooke triplet lens design (G. Smith)

• 43 mm focal length, f/20 system

• < 0.01% f tanθ geometric distortion

• Optimal focus: 3 m; Focus range: 1.5 m to ∞

• IFOV = 0.28 mrad/pixel; FOV = 16° × 16°

• Equivalent to a 109 mm lens on a 35 mm camera

• Narrowband interference filters (Omega Optical)

• Sapphire window for dust protection

• External sun shade, internal stray light baffles

• Boresight calibrated with Navcams, Mini-TES

CCD

• 1024 × 2048 Mitel frame transfer CCD

• 12 µm square pixels, 100% fill factor

• Opaque Al shield over storage region

• Full well capacity = 170,000 ± 20,000 e-

• System Gain = 50±3 e-/DN

• System Read Noise = 25±5 e-  at -55° C

• SNR ≥ 200 in all λ’s at 50% full well

• Absolute radiometry ≤ 7%, relative ≤ 1%

• Dark current @ 27°C = 1.5 nA/cm2

• Dark current spatial nonuniformity < 5%

• Linearity > 99% from 10 to 90% full well

• Flatfield spatial nonuniformity < 1%

• 32 “reference” pixels beyond imaging area

• CCD frame transfer time = 5.2 msec

• CCD readout rate = 200 kpix/sec (5.2 sec)

• Integration time : 0-350 sec, ∆ = 5.1 msec

• 4 × 1 hardware (“on chip”) binning option

Calibration Target

• 8 × 8 cm base, 6 cm high post, 60 g mass

• Three rings with 20, 40, 60% reflectivity

• Four colored corners for color calibration

• Vertical post casts shadow across all three rings to calibrate dif-
fuse illumination

• Two mirrored annuli reflect sky color

• Fully illuminated by the Sun from at least 10 a.m. to 2 p.m. local
solar time for nominal rover orientations

• Target is embellished with motto, markings, and drawings to be a
“Mars Sundial” for E/PO activities

Table 2. Pancam Filter Characteristics

Name

λeff
(nm)

Bandpass

(nm) Comment
Left Camera

L1 719 179 EMPTY
L2 753 20 Red Stereo L
L3 673 16 Geology
L4 602 17 Geology
L5 535 19 Geology
L6 483 27 Geology
L7 440 25 Blue Stereo L
L8 440 20 Solar ND5

Right Camera
R1 440 25 Blue Stereo R
R2 754 19 Red Stereo R
R3 803 20 Geology
R4 864 17 Geology
R5 903 25 Geology
R6 933 24 Geology
R7 1001 28 Geology
R8 880 20 Solar ND5

References: [1] Bell, J.F. III et al. (2003) submitted to J.
Geophys. Res. [2] Morris, R.V. et al. (2000) J. Geophys.
Res., 105, 1757-1817. [3] Morris, R.V. et al. (1985) J. Geo-
phys. Res., 90, 3126-3144. [4] Cloutis, E.A. et al. (1986) J.
Geophys. Res., 91, 11641-11653. [5] Smith, P.H. et al.
(1997) J. Geophys. Res., 102, 4003-4025.

Figure 1. Flight model 2 rover (background) in driving con-
figuration, compared to the Pathfinder flight spare rover
Marie Curie (foreground).  The Pancams are the two outer
cameras on the top of the mast assembly, at a height of ap-
proximately 1.5 meters above the surface.
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MER PANCAM INVESTIGATION:  J.F. Bell III et al.

Figure 2.  MER CCD package and schematic representation.

Figure 3. Pancam optics schematic (top) and CAD cross-
sectional view (bottom).

Figure 4.  Schematic of the MER Pancam instrument.
The instrument consists of a filter wheel, motor and
housing (top), optics lens barrel assembly (middle left),
CCD housing assembly (lower left), and a separate box
containing the FPGA and other electronics (bottom).
For scale, the electronics box is ~6.5 cm long.

Figure 5. The MER-2 flight rover's camera bar (top),
and an enlarged view (bottom) of the left Pancam (far
right) and Navcam (center) instruments.  The ruler at
top is 30.5 cm long. The Pancam are toed-in by 1° to
optimize near-field stereo ranging overlap.
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Figure 6. Normalized spectral response profiles of the Pancam multispectral "geology" filters.  "L" designates left
camera, "R" designates right.  Solar ND filters not shown.

Figure 7. Pancam calibration target. The three grayscale rings are 20%, 40%, and 60% reflective, and the colored
corners contain oxide pigments with distinct spectral characteristics in the visible to near-IR. The base is 8 × 8 cm
size and the post is 6 cm high.  The basic design is modeled closely on the Mars Pathfinder IMP target design [5].
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Introduction:  Clouds in the martian atmosphere 

have been observed and studied for many decades.  
Nathaniel E. Green first identified clouds in the mar-
tian atmosphere in 1877 when he observed white spots 
near the limb of the planet and concluded that they 
were morning and evening clouds high in the atmos-
phere [1]. The Tharsis region is known for the “W” 
clouds [2], which are prominent from northern mid-
spring to midsummer.  Smith and Smith [3] studied the 
diurnal and seasonal behavior of the clouds associated 
with Olympus Mons using ground based data collected 
between 1924 and 1971 and found that cloud activity 
was generally confined to late spring and early sum-
mer seasons in the northern hemisphere. Based on a 
comparison of their data with seasonal water abun-
dances, Smith and Smith concluded that Type I dis-
crete white clouds are composed of water ice. Curran 
et al. [4] gave the first spectroscopic evidence confirm-
ing the presence of water ice clouds on Mars in the 
Tharsis region using data collected with the infrared 
interferometer spectrometer on the Mariner 9 space-
craft.  The Mariner 9 spectral shape was consistent 
with a mean radius of the water ice particles of ~ 2.0 
µm. 

There are several meteorological factors that may 
contribute to cloud formation and seasonal variability 
in the Tharsis region. The seasonal variation in the 
cross-equatorial Hadley cells that characterize the gen-
eral circulation of the martian atmosphere is an impor-
tant factor [5]. The local circulation over the volcanoes 
is also an important factor: low thermal inertia causes 
the volcanoes to act as a heat source in the atmosphere, 
and warm upslope winds in the afternoon favor cloud 
formation and enhance clouds [6]. Insolation and water 
vapor concentrations are also potentially important 
factors. 

Mars Global Surveyor (MGS) provides the first 
complete data set with which to study the properties 
and seasonal variability of clouds throughout the entire 
martian year. MGS instruments do not provide much 
diurnal coverage in the equatorial regions, however, 
because the orbit is fixed at ~ 2pm at the nadir. Only 
the early afternoon part of the cycle, in which previous 
observations have suggested growth in the large cloud 
features, can be studied, but this does make it possible 
to determine the seasonal behavior, augmented by lim-
ited local time coverage. 

The Mars Orbiter Camera (MOC) was used to ob-
tain global maps of the Martian surface.  The maps 
used were acquired between March 15, 1999 (LS = 
110º) and July 31, 2001 (LS = 205º), corresponding to 
approximately one and a quarter martian years. In this 
work we focused on water ice clouds associated with 
the surface features of Olympus Mons, Ascraeus 
Mons, Pavonis Mons, Arsia Mons, Alba Patera, and 
the Valles Marineris canyon system.  Using these data, 
we have made three types of quantitative measure-
ments to characterize the cloud activity: 1) cloud area 
and location, 2) cloud height, and 3) cloud optical 
depth. We have also searched for short period varia-
tions in the cloud areas. 

MOC Observations:  MOC includes two wide-
angle (WA) cameras, one in the blue (400-450 nm) 
bandpass and the other in the red (575-625 nm) band-
pass, each with a 140º field of view [7]. This coverage 
is optimal for separating clouds that are composed of 
condensates from those that contain dust; while dust 
clouds and ice clouds often appear of similar bright-
ness in red, condensate clouds are very bright in blue 
while dust clouds are dark. The WA camera images 
are bounded by the horizons, corresponding to nomi-
nal local times of 1217 to 1543 at the equator.   

A variable summing algorithm is used to obtain 
continuous observations with both WA cameras so that 
in a 24-hour period a complete global map is obtained 
at a resolution of approximately 7.5 km/pixel.  To con-
struct the global map, only roughly the center half of 
each orbital swath’s coverage is used; every two hours 
a new image strip is acquired and added to the previ-
ous strips. The daily global maps (DGMs) that we 
have used for this work are composite cylindrical pro-
jections colored with a false green channel. 

Cloud Area Measurements: Clouds were identi-
fied by visual inspection of the DGMs, and then these 
features were matched with the blue images taken by 
MOC.  The clouds appear more prominent in blue im-
ages due to the relatively high single scattering albedo 
(~0.9) of these particles relative to the low surface 
albedo at these wavelengths. To measure the areas of 
the clouds an IDL program was used, and it took a 
subset of each DGM that corresponded to the particu-
lar surface features studied and measured the number 
of pixels in the blue image which had a threshold digi-
tal number value greater than 120. This value was cho-
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sen through visual inspection of cloud boundaries in 
the blue images.  Because the resolution varies with 
latitude for a cylindrical projection, each line is multi-
plied by a correction factor. These lines were then 
added and multiplied by the resolution of the projec-
tion at the equator to give the true cloud area. 

Cloud Area Results:  A plot of cloud area vs. LS 
for Olympus Mons is presented in Figure 1. The cloud 
area maximum near LS = 100º is likely due to cooler 
atmospheric temperatures and maximum upward ad-
vecting velocities in the solstice Hadley circulation.  
The cloud area decrease at LS = 120º is probably 
caused by the rise in air temperature due to the season 
(moving away from aphelion) and increased atmos-
pheric dust [8]. 
 

 
Figure 1: Olympus Mons cloud area versus Ls. 
 

Observations of Ascraeus Mons show the same 
general trend for cloud area as Olympus Mons, with a 
peak near LS = 100º. At LS = 140º, there is a minimum 
in cloud area that is especially prominent in the first 
martian year of observations.  

Alba Patera cloud activity displays a double peak 
feature that was not observed in any of the other re-
gions.  The peaks occur at LS = 60º and 140º, with a 
minimum near LS = 85º. The peaks in the seasonal 
activity of Alba Patera occur at the times that the cloud 
areas associated with Olympus and Ascraeus Mons 
volcanoes are rapidly increasing or decreasing; this 
anticorrelation is one of the most interesting and unex-
pected results of this study. 

Clouds over Pavonis Mons have maximum area 
near LS = 100º.  There is a local minimum in cloud 
area at LS = 140º observed during both martian years.  
Then cloud area increases for a second peak between 
LS = 140º-220º, which corresponds to the time of 
maximum cloud area at Arsia Mons. 

Cloud area vs. LS for Arsia Mons is shown in Fig-
ure 2. Observations of Arsia Mons reveal more or less 
continuous cloud activity.  The only period of inactiv-

ity is between LS = 227º-235º, which corresponds ex-
actly to the largest regional dust storm seen by [8] and 
[9]. TES observations showed that the dust storm ex-
panded into the region around Arsia Mons at LS = 228° 
and was accompanied by a roughly 15 K increase in 
temperature.  By LS = 237º the dust storm had mi-
grated much further south of Arsia, and the atmos-
pheric temperature in the region had decreased.  
Richardson et al. [10] demonstrated that cloud ice con-
tent decreases strongly as a function of increasing dust 
optical depth.  The temperature increase lowers the 
relative humidity, suppressing cloud activity [11]. 
 

 
Figure 2: Arsia Mons clouds area versus Ls. Note that the 
abrupt disappearance of clouds near Ls = 185º is due to the 
global dust storm of 2001, not to a lack of data.  
 

Cloud activity ends earlier at all of our sites in the 
second martian year than in the first. This is most 
clearly seen in Fig. 2. In the first martian year, cloud 
activity ceased near LS = 210º at Alba Patera, Olympus 
Mons, and Ascraeus Mons, and near LS = 220º at Pa-
vonis Mons. However, in the second martian year, 
clouds disappeared in all regions between LS = 183º 
and LS = 190º (June 24 and July 4, 2001).  This earlier 
cessation of cloud activity almost certainly results 
from the global martian dust storm of 2001. As seen 
from the TES data, atmospheric temperatures near the 
Tharsis region began to rise around June 25 and the 
dust storm had expanded into the region by July 2 
[12].  As noted above, the increased dust and atmos-
pheric temperature promote the dissipation of water ice 
clouds. 

Valles Marineris: Clouds associated with the 
western Valles Marineris canyon system and other 
small surface features were also observed during the 
time period of this study.  The clouds associated with 
Valles Marineris generally were located in the latitude 
range -4° to +4° N and longitude range 70° to 80° W. 
Clouds were also seen around 12° S latitude, 100° W 
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longitude, in the region of Syria Planum, near 27° N 
latitude, 107° W longitude, near Ceraunius Fossae, at 
26° N latitude, 93° W longitude, surrounding Uranius 
Patera, and near 30° N latitude, 75° W longitude, not 
associated with a particular surface feature. Figure 3 
shows the location of cloud centers in this region bin-
ned into four seasonal bins.  Figures 3A and B show 
numerous clouds in this region during spring and 
summer, however C and D indicate very few clouds 
during the fall and winter seasons. 

 

 
 
Figure 3: Cloud center locations for Valles Marineris canyon 
system and other small surface features. (A) Ls = 0º-90º, (B) 
Ls = 90º-180º, (C) Ls = 180º-270º, (D) Ls = 270º-360º. The 
background image used is the MOLA topography map of the 
Tharsis and Chryse region (supplied courtesy of MOLA 
Science Team). 
 

Cloud Heights: Cloud heights have been deter-
mined for each of the five volcanoes for several days 
throughout their cloudy season. The heights were es-
timated by visual inspection of the cloud at its highest 
point of contact with the volcano on the daily global 
maps.  This location was compared to a contour map 
for each volcano. The elevation of the highest point of 
contact determined from the contour map was esti-
mated to be the height of the cloud. Cloud heights lie 
between 19.0-21.0 km for Olympus Mons, 15.0-18.0 
km for Ascraeus Mons, 12.0-14.0 km for Pavonis 
Mons, 16.0-17.4 km for Arsia Mons, and 5.5-6.5 km 
for Alba Patera. Cloud height error, which depends on 
the resolution of the contour maps, is estimated at ± 
0.5 km for Olympus Mons and ± 1 km for Alba Patera, 
Ascraeus, Pavonis and Arsia Mons. 

From this study of cloud heights, we were able to 
determine a diurnal correlation; however, no signifi-
cant seasonal trend was seen. Clouds tended to be at a 
higher altitude later in the afternoon. On consecutive 
days, the cloud height could vary 1-2 km depending on 

local time at the topographic feature. This is consistent 
with increased convective uplift due to surface heating. 

The lower elevation of the Alba clouds is consis-
tent with other unique features: Alba has much lower 
relief, it is located outside of the ECB (and Hadley 
uplift) zone, and the seasonal variation of its clouds is 
unique.  The cloud elevation data reinforce the evi-
dence that suggests that the physics of the Alba clouds 
is different from the clouds in the Tharsis region. 

Optical Depth Measurements: Cloud optical 
depths were calculated for the center coordinate of 
clouds observed in 154 MOC WA blue filter images 
using the discrete ordinate, multiple scattering radia-
tive transfer (DISORT) code of Stamnes et al. [13]. 
We adopt the three layer atmospheric model that has 
been used extensively in modeling previous HST ob-
servations of Mars [14, 15, 16]. 

The model computed the radiance along 16 
streams, and the three layers used correspond to alti-
tude ranges of 0-10, 10-20, and 20-50 km. The relative 
distribution among the layers for clouds was taken 
from [17], and we used the single scattering phase 
function derived by [18].  We adopt a value of 1.0 for 
the single scattering albedo of clouds [18], and the 
opacity is specified for a three-layer atmosphere as 
described in [16].  

DISORT was used to calculate the relative cloud 
optical depth using a region outside the cloud as a ref-
erence point.  The local cloud optical depth was treated 
as a free parameter and was varied to get a consistent 
match with the model.  For this calculation, only 
clouds appearing near the center of the image strip 
(~1400 LT) were used so that the cosine of the emis-
sion angle was greater than 0.50. 

In general, the optical depth of clouds in the first 
Martian year of our observations is smaller than that of 
the second year, except for Alba Patera, where the 
optical depths are similar. Optical depth values are 
found to lie between 0.107-1.015 for Olympus Mons, 
0.101-1.358 for Ascraeus Mons, 0.163-1.330 for 
Pavonis Mons, 0.080-0.820 for Arsia Mons, 0.158-
0.753 for Alba Patera, and 0.121-1.10 for Valles 
Marineris. Results obtained with this technique depend 
on the surface albedo of the reference point in the 
range at 425 nm.  The surface albedo in the Tharsis 
region was taken here to be 0.035 [19]. We estimate a 
possible 15% error due to this choice.  Other uncer-
tainties, such as those for the ice and dust single scat-
tering albedo and the calculation of the DN value, are 
estimated to add another ± 10% uncertainty to the op-
tical depths. 

Using the optical depth measurements, H2O col-
umn abundances were calculated. The optical thick-
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ness of a cloud, for the thin cloud case, can be ap-
proximated by τ = NCext, where N is the column num-
ber density and Cext is the extinction cross section of 
the ice particle.  The mass of H2O ice in a vertical col-
umn per unit area is m = (4/3)πr3(τ/Cext)ρ, where r is 
the mean ice particle radius, and ρ is the mass density 
of ice. We assumed a mean ice particle radius r = 2 
µm.  The value used for the extinction cross section, at 
a wavelength of 0.4 µm, is 20.279 µm2. The water ice 
content generally ranges from 0.5 to over 2 pr µm de-
pending on the region. 

Afternoon Cloud Variability: The strong diurnal 
dependence of the clouds associated with the major 
topographic features has been well documented [3, 
20]. These clouds intensify in both size and thickness 
as the day progresses, reaching maximum extent in the 
mid- to late afternoon.   

MOC images have a fixed nadir of 1400 LT, so the 
complete cycle of diurnal variations cannot be ob-
served.  However, because the orbital period of MGS 
is not commensurate with the rotation period of Mars, 
the location of a feature fixed with respect to the Mar-
tian surface oscillates on a MOC image relative to the 
central nadir position on consecutive passes over the 
feature. The local time at the particular feature also 
oscillates because it is a function of the position on the 
image strip.  As a result, a continuous series of cloud 
area measurements covers local times spanning 
roughly 3.5 afternoon hours – the part of the diurnal 
cycle generally associated with fast changes of the 
cloud area. MOC observations have shown that the 
volcano clouds tend to brighten and increase in area as 
well as height from early to mid-afternoon. 

Quasi-Periodicities of a Short Time Scale: In ad-
dition to the seasonal behavior, we examined the evi-
dence for short-term quasi-periodic variability in the 
cloud areas. The only significant periodicity found 
gives possible indirect evidence for the afternoon 
cloud variability discussed above. Unambiguous evi-
dence for periodicities of several sols was not found. 
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Abstract  
The Voyager and Galileo images of Europa and the 
Viking Orbiter images of Phobos revealed the surface 
cracking and fracture systems of the satellites of 
Jupiter and Mars.  
  The complex system of lineaments and grooves 
cover the whole surface of these satellites.  
  Based on earlier studies we compared the main 
characteristics of these structures and propose a joint 
model of the layered structure (Phobos) and the tidal 
fractured structure (Europa). However, more details 
are needed about the relevance of these models. 
 
Introduction 
Viking Orbiters transfered good images of Phobos in 
1976. The system of linear striations, lineaments 
(grooves) were found to cover the surface which were 
distinguished morphologically and were classified into 
three types according to their characteristics: a) 
morphology, b) geometrical distribution on the 
surface, and c) relation with orbital motion of Phobos. 
  According to the global character of the third 
system: that system was interpreted as expression of 
the probable inner layered structure of Phobos [1-6].  
 

 
 
Fig. 1. The lineament system of Phobos on a Viking-
image. 
 
 In studies of the Voyager and Galileo images the 
cracking system of Europa has been mapped [7] and 
on the basis of tidal stress field studies [8] the global 
pattern of the Europa cracking system was concluded 

as expression of the stress field on the surface of 
Europa generated by the tidal forces of the near giant 
Jupiter.  
 

 
 
Fig. 2. The cracking system of Europa  
 
 Comparison of the two global patterns show strong 
similarities in the following characteristics. Both 
systems have a fractured "polar" region and a 
counterpart similarly fractured "antipolar" region. 
These fractured polar and antipolar regions are 
"connected" by various lineaments (Fig. 3., and Fig. 
4.).  
  But the comparison showed differences between 
the two systems, too.  
 The third system of lineaments of Phobos [4] 
consists of lineaments forming arcs which are forming 
parallel planes which are perpendicular to the Phobos-
Mars axis. Therefore the "polar" region of this system 
is 90 degrees rotated from the sub-planetary (sub-
Martian) point (and its opposite point on the far side of 
Phobos) is in accord with this system (Fig. 3.).  
  On Europa the fractured "polar" region is in the 
vicinity of the sub-planetary (sub-Jovian) point and its 
counter-polar region at the anti-sub-planetary point. 
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Fig. 3. The third lineament system of Phobos [4-6]. 
 

Fig. 4. Sketch of the lineament system of Europa [8]. 
 
Alternative model for the Phobos lineament system 
The sub-Jovian focused global pattern cracking system 
of Europa has been interpreted by [8] as expression of 
the tidal stress field triggered by Jupiter. 
 If we use this model for Phobos, we can interpret 
the surface groove system in the following way. 
Supposed that Phobos were rotated 90 degrees in its 
equatorial plane, it could reach a position relative to 
Mars like as Europa has today relative to Jupiter. If 
this rotation occurred in the past then the third system 
of Phobos lineaments may represent an earlier tidal 
fracture system of Phobos. Then two possibilities of 
the origin of the Phobos lineament-system may remain 
open. 
 One possibility is that instead of the layered 
structure of Phobos the ancient fracture system is 
expressed by this third lineament system [10]. 
 Second possibility: both the original theory of a 
layered structure of Phobos [4-6] and the tidal fracture 
model are valid, because the two systems might have 
been in interference and the layered structure was 
emphasized by the fracture system of the tidal stresses. 
 
Layered or fractured Phobos? 
In the light of the two described models about the 
origin of the lineament system of Phobos we suggest 
new observations of Phobos in order to decide 
between the old [4-6] and extended possibilities of the 
new tidal fractured [8] satellite model [9].  

 
Fig. 5. The layered structure of Phobos [4-6]. 
 

 
Fig. 5. The layered structure of Phobos [4-6]. 
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Introduction: Great interest was generated with 

the discovery by the Odyssey spacecraft of heteroge-
neously distributed hydrogen at martian mid-latitudes, 
suggesting that large areas of the near-equatorial high-
lands contain near-surface deposits of “chemically 
and/or physically bound H2O and/or OH” in amounts 
up to 3.8% equivalent H2O [1]. More recent interpreta-
tions of the Odyssey data using new calibrations sug-
gest that some near-equatorial areas, such as Arabia 
Terra, contain up to 8.5±1.3% water-equivalent hydro-
gen [2]. Such shallow occurrences (<1 m) of H2O ice 
near the martian equator are particularly enigmatic 
because H2O ice is not stable at these latitudes [3, 4]. 
A number of potentially hydrous silicate phases, nota-
bly clay minerals and zeolites, have been proposed as 
possible H2O-bearing constituents on Mars, and both 
groups of minerals are common terrestrial alteration 
products of hydrovolcanic basaltic ashes and palago-
nitic material comparable to those that may be wide-
spread on Mars [e.g., 5]. Smectites within martian me-
teorites, attributed to hydrous alteration on Mars rather 
than on Earth [6], provide direct evidence of clay min-
erals from Mars. In addition, new thermal emission 
spectrometer (TES) data provide evidence for unspeci-
fied zeolites in martian surface dust [7], and [8] con-
cluded that spectral deconvolution of MGS TES and 
Mariner 9 IRIS data is consistent with the presence of 
zeolite in the martian surface dust. 

In addition to these hydrous silicates, Mg-sulfates 
are indicated in XRF analyses of Viking regolith sam-
ples and in APXS analyses of Pathfinder soils and 
rocks, where S, Cl, and possibly Mg are implicated as 
products of rock alteration and soil “duricrust” devel-
opment [9]. Salts of these elements may be highly hy-
drated, but the stabilities of hydrated sulfates (or chlo-
rides) at martian surface conditions are poorly known. 
Other hydrated salts (e.g., nitrates, carbonates) may be 
present but are as-yet undetected by the instruments 
deployed. There is a large variety of H2O-rich sulfate 
and chloride minerals; among these both simple Mg-
sulfate salts (e.g., epsomite, Mg(H2O)6(SO4)(H2O)) 
and more complex Mg-bearing sulfates (e.g., blödite, 
Na2(Mg(H2O)4(SO4)2) have been proposed as possible 
cementing agents in martian regolith [9]. 

Clays, zeolites, and Mg-sulfates are all phases that 
could potentially retain H2O in martian regolith. The 
nature of the hydrogen-containing material observed in 
the equatorial martian regolith is of particular impor-

tance to the question of whether hydrous minerals have 
formed in the past on Mars. Also, whether these min-
erals exist in a hydrated (i.e., containing H2O mole-
cules in their structures) or dehydrated state is a crucial 
question. The purpose of this communication is to es-
timate the possible magnitude of the H2O reservoir 
constituted by these H2O-bearing minerals. In other 
words, can minerals containing H2O and/or OH such 
as clays, zeolites, or Mg-sulfates, reasonably be ex-
pected to account for the amounts of near-equatorial 
H2O-equivalent hydrogen recently documented by 
Mars Odyssey? 

Hydrous and Hydrate Minerals: Hydrous miner-
als, including zeolites and clays, are phases in which 
H2O may be present in highly variable amounts de-
pending on environmental conditions, without chang-
ing the crystal structure. Phyllosilicate clay minerals, 
along with a variety of other minerals such as amphi-
boles, also contain smaller amounts of hydroxyl 
groups in their structures. Hydrate minerals are those 
in which H2O occurs in relatively fixed amounts, and 
loss or gain of H2O is, in general, accompanied by 
formation of a different crystal structure (e.g., gypsum, 
CaSO4·2H2O, and anhydrite, CaSO4). Clinoptilolite 
[(Na,K,1/2Ca)6Al6Si30O72·~20H2O], the most common 
terrestrial natural zeolite, is a hydrous tectosilicate 
containing large structural channels formed by ten-
membered and eight-membered rings. Substitution of 
Al+3 for Si+4 in the framework gives rise to a net nega-
tive charge on the framework, balanced by exchange-
able cations in the extraframework sites. The extra-
framework sites in these channels contain exchange-
able Na, K, and/or Ca, along with H2O. Similarly, the 
chabazite (Ca2Al4Si8O24·~12H2O) structure is made up 
of four- and eight-membered rings, and the large ellip-
tical extraframework sites contain both exchangeable 
Ca and H2O molecules. 

Smectites are hydrous phyllosilicate clay minerals 
with a layer structure based on two opposed sheets of 
corner-linked Al-Si tetrahedra sandwiching a sheet of 
edge-linked octahedra. Similar to the zeolites, substitu-
tions in both tetrahedral and octahedral sheets give rise 
to a net negative charge on the individual layers, bal-
anced by exchangeable cations in the regions between 
the tetrahedral-octahedral-tetrahedral “sandwiches” 
(i.e., the interlayer region). In addition to exchangeable 
cations (typically Na, K, and Ca, but also Mg), the 
interlayer contains a variable amount of H2O mole-
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cules, in addition to a fixed amount of OH within the 
sheets. 

The list of conceivable hydrated salts in the martian 
regolith is daunting and includes a variety of Mg sul-
fates and chlorides, in addition to possible hydrous 
carbonates or others. There are at least 16 different 
hydrated Mg-bearing sulfates that can contain over 20 
wt% H2O; this does not include the many hydrous 
chlorides and carbonates that may also contain Mg. 
We have begun by examining the simplest and most 
commonly cited series relevant to Mars, the basic 
MgSO4 hydrates. Hydrated salts such as Mg-sulfates 
exist with a variety of crystal structures, with H2O 
molecules present both as integral parts of the struc-
tures and as guest molecules. H2O can be reversibly 
removed from the latter structures (e.g., epsomite de-
hydrating to hexahydrite) without large structural 
changes. In contrast, removal of H2O from hexahydrite 
[Mg(H2O)6(SO4)] causes destruction of the structure, 
as H2O molecules directly coordinate the Mg cations. 

Hydration/dehydration energetics: It is possible 
to obtain quantitative information on the energetics of 
the hydration/dehydration process in hydrous minerals  
using quantitative thermoanalytical data. For example, 
[10] quantified the thermodynamics of hydration in 
clinoptilolite by measuring isothermal gravimetric data 
under conditions of controlled P(H2O). From these 
thermodynamic data, it is possible to model the hydra-
tion state of hydrous minerals under assumed martian 
surface temperatures and partial pressures of H2O. 

Based on analysis of thermoanalytical data, [11, 
12, 13] showed that the H2O-bearing minerals smec-
tite, clinoptilolite, and chabazite may exist in partially 
hydrated states on the surface of Mars, in spite of the 
low partial pressure of H2O. That is, these minerals 
may contain H2O in their interlayers (smectites) or in 
their extraframework sites (zeolites) under present-day 
martian equatorial surface conditions. These simula-
tions are based on equilibrium thermodynamic data, 
and the conclusions are not affected by kinetic factors. 

Methods and Results (Smectites): Using isother-
mal gravimetric methods, together with published data 
on the partial molar enthalpies of smectite hydration at 
25°C [14], [12] formulated a thermodynamic descrip-
tion that can be used to simulate the hydration state of 
Na- and Ca-smectite under martian surface conditions. 
Measured data on the chemical potential of sorbed 
H2O in smectite (isothermal gravimetric experiments 
done under controlled P(H2O)) were combined with 
enthalpy values derived from [14] to obtain the chemi-
cal potential of H2O in smectite at a given T and 
P(H2O), i.e., under estimated martian surface condi-
tions. The results of this simulation are in Figure 1. 

Unlike zeolites, which have maximum H2O contents 
constrained by the volume of the extraframework sites, 
the layer structure of smectites provides much less 
constraint. Smectite hydration occurs initially in a 
stepwise fashion, with approximately integral numbers 
of H2O layers occurring between the silicate sheets. 
Because the layer structure is not three-dimensionally 
connected, the layers can expand as increasing 
amounts of H2O occupy the interlayer region. This 
stepwise hydration behavior can be seen in Figure 1. 
Na-smectite contains <5% H2O at the martian subsur-
face temperature. On the other hand, Ca-smectite re-
tains a higher fraction of its water content, up to ~10 
wt.% H2O at 215K. 
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Figure 1. Hydration state of Na- and Ca-smectites 
as a function of T at a P(H2O) of 1.5 x 10-6 bars. 
Approximate Mars subsurface T and night and day 
T’s at the equator are shown. Note stepwise 
behavior of both smectites at low H2O contents 

Methods and Results (Clinoptilolite): Equilib-
rium isothermal gravimetric measurements on cation-
exchanged samples of clinoptilolite gave a thermody-
namic formulation for the sorption of H2O in Na-, K-, 
and Ca-clinoptilolite [10]. Gravimetric data were 
measured from 25 to 250°C and from 0.2 to 35 mbar 
H2O vapor pressure using a thermogravimetric ana-
lyzer with automated relative humidity (RH) control. 

By solving eq. 12 in [10] for the value of θ as a 
function of T at a P(H2O) =1.5 x 10-6 bars, the hydra-
tion state of these three cation-exchanged forms of 
clinoptilolite under expected martian surface condi-
tions was simulated [12]. Results are shown in Figure 
2, expressed as the parameter θ, or fractional H2O oc-
cupancy, vs. T. Combining these simulations with the 
maximum H2O contents of Na-, K-, and Ca-
clinoptilolite, 15.7, 13.5, and 16.3% H2O, respectively 
[10], provides an estimate of the approximate weight 
fractions of H2O in clinoptilolite on the martian sur-
face. The data in Fig. 2 show that all three cation-
exchanged forms of clinoptilolite would have ~90% of 
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their maximum H2O contents noted above (14.1, 12.2, 
and 14.7 wt.% H2O for the Na-, K-, and Ca- forms, 
respectively) at or below the martian subsurface tem-
perature (for a P(H2O) of 1.5 x 10-6 bars). 

However, Fig. 2 also suggests that, if exposed to 
equatorial day temperatures, all three forms of 
clinoptilolite would dehydrate significantly, Na-
clinoptilolite to ~47%, the K form to ~36%, and the Ca 
form to ~52% hydrated. For pure clinoptilolite 
samples, these values equate to 7.4, 4.9, and 8.5 wt. %, 
respectively. 
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Figure 2. Hydration state of Na-, K-, and Ca-
clinoptilolites as a function of T at a P(H2O) of 1.5 x 
10-6 bars. Approximate Mars subsurface T and 
Mars night and day T’s at the equator are shown. 

Methods and Results (Chabazite): The thermo-
dynamics of hydration/dehydration of chabazite were 
recently analyzed using a combination of dynamic 
(thermogravimetric analysis, TGA) and isothermal 
measurements on natural chabazite [13, 15]. Thermal 
data were measured using a DuPont 951 thermogra-
vimetric analyzer with automated RH control. Unlike 
clinoptilolite, whose gravimetric data could be fit as-
suming a single type of H2O, both dynamic TGA data 
and isothermal data support the existence of three en-
ergetically distinct types of H2O in chabazite. Initial 
attempts to fit all isotherms using the methods of [10] 
provided poor fits and unrealistic thermodynamic data. 
Therefore, the dynamic and isothermal data were ana-
lyzed using three independent sets of thermodynamic 
parameters. H2O site 1, occupied only under low-T 
and/or high P(H2O) conditions, contains up to 8.4 
wt.% H2O. Site 2 contains up to 10.8 wt.% H2O, and 
site 3 contains up to 3.2 wt.% H2O. Site 3 is occupied 
in all but the highest-T and low-P(H2O) conditions. 
These three sites combine for a total of 22.4 wt.% H2O 
in fully hydrated chabazite. 

By solving eq. 12 in [10] for the value of θ as a 
function of T at a fixed P(H2O) (1.5 x 10-6 bars), [13] 
simulated the hydration state of chabazite under ex-
pected martian surface conditions. The results of these 
simulations are shown in Figure 3, expressed as the 

parameter θ, or fractional H2O occupancy, for site-1 
and site-2 H2O vs. T. H2O site 3 is of such high en-
thalpy that it is fully hydrated under all possible mar-
tian surface conditions and is not shown on Figure 3. 
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Figure 3. Fractional H2O content of chabazite, cal-
culated for a P(H2O) of 1.5 x 10-6 bars for both H2O 
site 1 and 2 (from isothermal TGA data). 

This figure shows that H2O site 2 would be virtu-
ally full under most plausible martian surface condi-
tions, although higher T or lower P(H2O) values would 
begin to dehydrate this site. This figure suggests that 
H2O site 1 would vary from fully occupied to almost 
empty over a daily temperature cycle at the equator, 
and this site would be largely occupied at subsurface 
temperatures. Chabazite similar to the sample we stud-
ied would contain slightly less than its maximum 22.4 
wt.% H2O under martian subsurface temperatures, 
assuming the P(H2O) used in these simulations, with 
site 1 ~90% full and sites 2 and 3 full (giving a total 
H2O content of 21.6 wt.% at subsurface T’s).  

Methods and Results (Mg-sulfates): Thermal 
analyses of Mg-sulfates similar to those discussed 
above for zeolites and smectites are limited, and, to our 
knowledge, a complete thermodynamic description of 
the hydration/dehydration process in any of the basic 
hydrated Mg-sulfates is not available. Thus, it is not 
presently possible to determine the theoretical stability 
limits for the variety of hydrates suggested to occur on 
the martian surface. In a study on the stability of hy-
drated salts on the surface of Europa, [16] used tem-
perature-programmed desorption (TPD) measurements 
of epsomite to determine whether this sulfate might 
remain hydrated under Europa surface conditions 
(<130 K). Their kinetic data (their Fig. 5) suggest that 
epsomite would not remain hydrated under martian 
equatorial surface conditions for more than ~10 years. 
We have just begun experiments with hydrated Mg-
sulfates, and preliminary results with epsomite and 
hexahydrite indicate extreme sensitivity of crystal 
structure to environmental conditions. We experimen-
tally analyzed the dehydration behavior of epsomite 
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and the isostructural mineral hexahydrite, 
Mg(H2O)6(SO4), from 100 to 295K and from 20 mtorr 
total pressure to room conditions (~1 torr and <10% 
RH). We also measured the response of epsomite at 
295K to changes in RH from 0 to ~70%. Our results 
show that epsomite is not stable at 295K at RH values 
less than about 55%, below which hexahydrite is the 
observed phase. More importantly for applications to 
Mars (and Europa), our experiments demonstrate that 
hexahydrite is not stable at pressures down to ~20 
mtorr. Figure 4 shows the X-ray powder diffraction 
patterns of a specimen of hexahydrite held at 273K 
and ~20 mtorr for six h. Diffraction pattern #1, taken 
in room air (~7%RH) at 273K represents the pattern 
for hexahydrite; subsequent patterns (2-5) measured at 
~20 mtorr reflect the increasing breakdown of hexahy-
drite to an amorphous hydrated MgSO4 (#6). Amor-
phization was not apparent in 2 h at 100K but became 
obvious on a 1-h time scale at 273 K. Thermogravim-
etric analysis of this amorphous solid shows that it 
contains ~26 wt.% H2O, and its observed macroscopic 
expansion behavior suggests that this amorphous solid 
can reversibly hydrate and dehydrate. 
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Figure 4. Time-resolved XRD patterns of hexahy-
drite, 273K, 20 mtorr, taken at ~1 hr intervals. 

Given the description of the TPD studies on ep-
somite in [16] (samples were handled at ~4°C and 
chamber evacuation to 10-9 torr began at ~0°C), it ap-
pears likely that their kinetic data reflect the behavior 
of an amorphous hydrated MgSO4 rather than epsomite 
(or hexahydrite). More importantly, our preliminary 
data on epsomite and hexahydrite illustrate that neither 
of these phases is a reasonable candidate for a hy-
drated MgSO4 on the surface of Mars. If hydrated 
MgSO4 is present on the surface of Mars, one of the 
crystalline lower hydrates or amorphous MgSO4.nH2O 
is a more-likely candidate; considerable further re-
search is required on these phases. 

Summary and Conclusions: Quantitative analysis 
of the thermal data for smectite, clinoptilolite, chaba-
zite, and hydrated MgSO4 give bounds on the amount 

of each of these phases that would be required to ac-
count for the amounts of H2O documented by [2]. The 
average H2O content of most equatorial regions, ~4% 
[2], can be accounted for by ~40% Ca-smectite or 20% 
chabazite, without calling on any hydration in the 
duricrust salts recognized in such terrains by the Vi-
king landers. However, large amounts of these phases 
(40%-85%), or lesser amounts of a hydrous salt such 
as alunogen (Al2(SO4)·17H2O) [17], which contains 
~47% water if fully hydrated, would be required in the 
upper 1 m to account for the value of ~8.5 wt.% H2O 
in Arabia Terra. Locally large areas (10’s of km) of 
Earth’s surface contain elevated zeolite and hydrated 
sulfate contents (e.g., saline, alkaline-lake deposits 
associated with volcanic ash deposits and closed ba-
sins, such as deposits associated with the Messinian 
Salinity Crisis), and smectites are ubiquitous soil 
phases. However, in spite of the common terrestrial 
occurrence of many of the phases discussed here, un-
usually large quantities of these phases are required to 
account for the amounts of water found by [2]. Con-
siderably more data are required to determine with 
certainty whether the elevated H2O contents of the 
upper 1 m found by Odyssey can be ascribed to min-
eralogical phenomena rather than to unusual hydro-
logic conditions.  Nevertheless, there appears to be 
sufficient chemical and hydration thermodynamic evi-
dence to indicate that hydrous and hydrate minerals 
have the potential to play a role in the near-surface 
martian water budget. 
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Introduction:  Clays, if present on Mars, have
been illusive.  Determining whether or not clay miner-
als and other aqueous alteration species are present on
Mars provides key information about the extent and
duration of aqueous processes on Mars.  The purpose
of this study is to characterize in detail changes in the
mineral grains resulting from grinding and to assess
the influence of physical processes on clay minerals on
the surface of Mars.  Physical alteration through
grinding was shown to greatly affect the structure and
a number of properties of antigorite [1] and kaolinite
[2].  This project builds on an initial study [3] and in-
cludes a combination of SEM, HRTEM, reflectance
and Mössbauer spectroscopies.  Grain size was found
to decrease, as expected, with grinding.  In addition,
nanophase carbonate, Si-OH and iron oxide species
were formed.

Methods and Results: The antigorite sample in
this study is a weathering product of an olivine rock
with magnetite inclusions from Mulhacen, Spain, and
was freshly prepared following procedures outlined in
[1].  This antigorite, Si2.01Al0.12Fe0.08Mg2.70O5(OH)4,
sample (including a few% magnetite) was initially
ground in a vibration grinder for 30 sec. to produce
sufficient particulate material for the study and was
termed An-0.  Subsequent samples are labeled ac-
cording to the number of minutes ground, i.e. An-1
was ground for 1 min. and An-30 for 30 min.  Samples
were dry sieved to <45 and <125 µm particle size.

Reflectance spectra measured in this study indicate
that grinding has a profound influence on both the
shape of the spectral features and the spectral contin-
uum in the visible/near-infrared (NIR) and mid-IR re-
gions.  Biconical, off-axis FTIR data were scaled to
bidirectional data at 1.2 µm and corrected for absolute
reflectance [4].  High resolution HRTEM was per-
formed at UC Berkeley and shows aggregates of ul-
trafine grains in the ground samples.  Mössbauer data
were measured at room temperature as in [5] and show
reductions in the amount of antigorite and magnetite in
these samples with grinding.

HRTEM:  The image of antigorite particles ground
for 30 minutes in Fig. 1 illustrates the ultrafine particle
sizes produced by grinding.  The antigorite grains are
on the order of 50-100 nm in size and are surrounded
by grains only a few nm across.  These tend to adhere
to each other and form larger aggregates.  The in-

creased surface energy due to the mechanical stress
caused by grinding plays an important role in their
adhesion.

An-30

Fig. 1  HRTEM image of antigorite (ground for 30
min.) showing aggregates of ultrafine particles.
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Fig. 2  Mössbauer spectra (278 K) of ground antigo-
rites.  The peaks are characteristic of antigorite and
magnetite.

Mössbauer Spectra:  The room temperature spec-
tra shown in Fig. 2 are characteristic of a mixture of
antigorite and magnetite.  The antigorite Fe2+ peaks
(which lie at roughly -0.2 and 2.45 mm/s) decrease in
intensity with grinding, but there is no related increase
in the region where Fe3+ peaks should occur in antigo-
rite (0.10 and 0.75 mm/s).  All the magnetite peaks
decrease with increased grinding, and there is no ap-
parent change in peak intensity/line asymmetry that
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would signal significant changes in grain size or the
creation of nonstoichiometric magnetite or maghemite.
Thus, the observed changes in both antigorite and
magnetite spectra suggest that neither phase is becom-
ing more oxidized; rather, the decreasing intensities
suggest a change to an amorphous material.  Low tem-
perature Mössbauer measurements are underway to
characterize the nanophase/amorphous iron oxide spe-
cies.

Reflectance Spectra: Visible/NIR reflectance
spectra are shown in Fig. 3, where the color varies
from dark blue for the freshest samples to pink for the
most altered.  These spectra show that grinding of
antigorite grains induces a spectral slope, darkens the
spectra, reduces the intensity of the OH features
(marked with orange arrows in Fig. 3), and changes the
character of the iron bands (marked by green arrows in
Fig. 3) from 0.6 to 1.0 µm.  The NIR OH bands for
serpentine clays depend on the abundance of Mg, Fe
and Al in the octahedral sites [6]; for this antigorite
sample these bands are primarily due to combinations
and overtones of the Mg-OH vibrations and occur at
1.38, 1.40, 2.32, 2.52, 2.56, and 2.73 µm.  Spectra of
the <45 and <125 µm dry sieved aggregates appear the
same, suggesting that any spectrally relevant particle
sizes are much smaller.
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Fig. 3  Visible/NIR reflectance spectra of the ground
antigorite samples (dry sieved <45 µm).

Mid-IR reflectance spectra of the ground antigorite
samples are shown in Fig. 4 following the color
scheme above.  These spectra show a decrease in the
intensity of the silicate bands near 490, 675, 890, and
1050 cm-1, shifts in some band centers, creation of new

features near 820, 870, 1350, 1480 and 1600 cm-1, and
a reduction in the spectral contrast above 1200 cm-1

with increased grinding.  Arrows in Fig. 4 indicate the
position of the new bands formed with grinding; these
are most obvious in the pink spectrum (An-30, ground
for 30 min.).  The new bands from 1350-1600 cm -1 are
attributed to nanophase carbonate grains formed during
the physical alteration process via oxidation of carbide
supplied by the grinder.  These are similar to carbonate
features [7] observed in an average martian dust spec-
trum measured by the thermal emission spectrometer
(TES) [8].
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Fig. 4  Mid-IR reflectance spectra of the ground
antigorite samples and TES spectra of Mars.  The av-
erage surface dust spectrum is from Bandfield and
Smith [8].  The arrows indicate new bands that appear
after grinding.

Applications to Mars: NIR spectral studies of
Mars have shown evidence for weak features near 2.2-
2.3 µm in some regions (e.g. Lunae Planum) that are
attributed to octahedrally bound OH in clays or other
minerals [9], although the features are too weak for
mineral identification in existing spectral datasets of
Mars.  Upcoming OMEGA and CRISM spectrometers
will measure NIR spectra at higher spatial and spectral
resolution and will be able to provide closer inspection
of any putative OH features present in the alteration
products on the surface of Mars.  Previous studies have
suggested chemical alteration as a mechanism for re-
ducing the ~2.2-2.3 µm OH species in layer silicates
on Mars [10, 11, 12].  This study shows that physical
alteration can reduce the intensity of these metal-OH
bands, but does not appear to shift the band centers.
Additional experiments are needed in order to better
quantify the effects of physical alteration on antigorite
and other clay minerals.  Abrasion of dust and soil
particles due to dust storms, dust devils, and impacts
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on Mars is likely to have an effect on the mineral and
glass grains and may diminish this OH spectral feature
making it harder to detect layer silicates on Mars.

Extended visible region spectra of the ground
antigorites are shown in Fig. 5 along with selected rock
and soil spectra measured by the Imager for Mars Path-
finder (IMP).  Both antigorite and magnetite have Fe2+

and Fe3+ in their mineral structures.  The Mössbauer
spectra suggest that grinding reduces the total number
of Fe2+ and Fe3+ sites in the antigorite and magnetite
structures and that some nanophase/amor-phous iron
oxides are produced.  The extended visible region
spectra also indicate a weakening in the iron absorp-
tion bands near 0.7 and 1 µm.  The spectral changes
observed due to grinding of the antigorite (plus mag-
netite) samples are on a scale similar to the spectral
changes observed on Mars (Fig. 5).  In additional to
the influence of physical alteration on the iron features,
the formation of amorphous/nanophase particles pro-
duces a downward NIR slope that is seen in some of
the IMP spectra (Fig. 5 and [13, 14]).
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Figure 5  Extended visible region reflectance spectra
of the ground antigorites (re-samples to IMP band
passes) and Mars.  The Tharsis telescopic/ISM spec-
trum is from Mustard & Bell [15], the Lunae Planum
telescopic and ISM spectrum are from McCord et al
[16] and Murchie et al. [9]. The Pathfinder rock and
soil spectra are from Barnouin-Jha et al. [17] and
Yingst et al. [18].

The changes in the mid-IR spectra of antigorite and
other layer silicates due to physical alteration may
have important applications to the TES and mini-TES
data of Mars.  A decrease in the intensity of the silicate
and OH bands in layer silicates due to abrasion may

indicate that this component is being under-represented
in the mixing models.  Also the creation of new car-
bonate features through physical alteration may pro-
vide a mechanism to explain the carbonate identified
by Bandfield et al. [7].  Atmospheric CO 2 molecules
adsorbed on the martian dust and soil grains may be
oxidized during abrasion on Mars to form nanophase
carbonate grains imbedded in the dust and soil parti-
cles.  The formation of a new band near 820 cm-1 in the
antigorite spectra with increased grinding is attributed
to nanophase and/or surface Si-OH species.  This could
be occurring on Mars also as the silicate components
of the martian dust and soil particles are abraded.

Further characterization of the amorphous species
is underway.  Continued work on the influence of
physical alteration on potential Mars analogue materi-
als will be helpful for interpretation of the data the
MERs will measure with mini-TES, Pancam and the
mini Mössbauer.  A better understanding of the influ-
ence of physical alteration on volcanic glass and its
alteration products will also be needed in order to
characterize any alteration products in the TES,
OMEGA and CRISM datasets.  Identification of clay
minerals and other chemical alteration products, if pre-
sent, is important for understanding the aqueous his-
tory on Mars.  This study suggests that the presence of
carbonates in the dust may be a result of inorganic
processes, rather than aqueous processes, and needs to
be studied in more detail.
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Abstract:  Subaerial volcanic activity on Hawaii
and subglacial volcanic activity on Iceland has led to
the formation of a variety of silicate and iron oxide-
rich alteration products that may serve as models for
chemical alteration on Mars. Multiple samples have
been collected from palagonitic tuffs, altered pillow
lavas, altered tephra, and S-rich vents for study in the
lab.  Variations in the kinds of alteration products have
been observed depending on the alteration environ-
ment of the sample.  We are working on building asso-
ciations between the alteration products and formation
conditions that can be used to provide information
about environmental conditions on Mars.

Introduction: The surface mineralogy on Mars
holds information about the climatic and geochemical
record that may provide clues to when water was pre-
sent. The rock compositions are basaltic to andesitic
[1, 2, 3] and many of the rocks near the Pathfinder
lander contain surface coatings [4].  The soils contain
elevated Fe and S levels compared to the rocks [5, 6]
and definitive identification of specific minerals has
been difficult because of the poorly-crystalline phases
in the soils. The alteration processes that control which
silicate and iron oxide/oxyhydroxide (FeOx) minerals
form are directly linked to environmental conditions
and physical factors on Mars. Spectroscopic analyses
of terrestrial soils and alteration products with known
weathering histories and formation conditions are es-
sential for interpretation of the martian spectra.

Geochemical and mineralogical analyses were per-
formed earlier [7, 8, 9] for some of the samples de-
scribed here.  New measurements have been made on
an Icelandic sample from an active fumerole region
and integrated analyses are underway in order to syn-
thesize the chemical, mineralogical and spectroscopic
data from these recent studies.  Reflectance spectra,
scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), <2 µm sediment fractionation, and dithio-
nite iron dissolution have been performed on this new
sample as in previous studies [8, 9].  Detailed high res-
olution transmission electron microscopy studies of
selected samples are underway in order to characterize
the grain morphology and intimate character of altered
volcanic material from Hawaii and Iceland.  Magnetic
measurements for a number of these samples are also
being performed in order to identify the magnetic min-
erals present and characterize the magnetic properties

of volcanic alteration products from several environ-
ments.
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Fig. 1  Reflectance spectra of  palagonitic tuffs
(Thórólfsfell, Kilauea) and altered rind material
(Haleakala): (A) VNIR and (B) mid-IR regions.

Palagonitized Tephra: Samples of palagonitized
tephra from the Kilauea caldera, Hawaii, the Haleakala
crater basin, Maui, and Thórólfsfell ridge, Iceland are
compared in this study.  The Kilauea and Thórólfsfell
samples are palagonitic tuffs, whereas the Haleakala
samples are the fine-grained material from the outer
surfaces of loose tephra as it becomes altered.  Reflec-
tance spectra of these samples are shown in Fig. 1.
The visible/near-infrared (VNIR) spectra in Fig. 1A
show strong smectite and serpentine bands for the
palagonitic tuff samples compared with the broadened
and weaker OH and water bands observed for the al-
tered rind material (Haleakala samples).  Mid-IR spec-
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tra of the coarse-grained Thórólfsfell sample in Fig. 1B
is characteristic of basaltic glass, while the fine-
grained component of this and the other samples ex-
hibit spectral features more characteristic of clays and
amorphous material.

Pedogenically Altered Tephra: Samples of pe-
dogenically altered tephra from the Kilauea caldera,
Hawaii, are compared with a pillow lava from
Hlödufell tuya, Iceland, that was altered in a high
moisture environment.  Reflectance spectra of these
samples are shown in Fig. 2.  The fine-grained fraction
of altered material from Hlödufell tuya exhibits much
stronger clay and nanophase iron oxide bands than do
the samples from Kilauea.  Both groups of samples
contain large quantities of hydrated, amorphous iron
oxide and silicate components.  The <125 µm
Hlödufell sample is magnetic and exhibits a broad fer-
ric-ferrous band near 1 µm that is similar to the fea-
tures observed for some rock coatings near Pathfinder.
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Fig. 2  Reflectance spectra of pedogenically altered
volcanic material from Iceland (Hlödufell) and Hawaii
(Kilauea): (A) VNIR and (B) mid-IR regions.

Solfatarically Altered Tephra: Samples of solfa-
tarically altered tephra collected on (250, 394) and near

(397) the rim of a cinder cone in the Haleakala crater
basin, Maui, are compared with portions of a sulfur-
crusted palagonitized tuff from an active fumarole/hot
spring at Seltun Krysuvik on the Reykjanes Peninsula,
Iceland.  Images of the sample collection site and one
of the rocks collected here are shown in Figs. 3 and 4.
Samples 574 and 575 are the orange and white-ish lay-
ers, respectively of the rock in Fig. 4.  These were
further separated into <45, <125 µm and coarse chips
by dry sieving.  Sample 576 is a yellow crust on a
small part of this rock (not shown).  Preliminary XRD
measurements indicate that the <2 µm fraction of both
574 and 575 are dominated by smectite-like material.
The coarse chip components are glassy for both of
these samples and contain fewer clay minerals.  Bulk
chemical analyses are given in Table 1 for the <125
µm fractions of samples 574 and 575.  The outer or-
ange layer (574) has higher amounts of Fe and Ti and
sample 575 has higher Si, Al, Mg and Ca levels.

Fig. 3  An image of the Seltun Krysuvik hot springs
collection site where there are active fumerols.

Fig. 4  An image of the solfatarically altered sample
collected at the Seltun Krysuvik hot springs.  The outer
orange alteration layer (574) and light-colored layer
directly under this (575) were separated for analysis.
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Table 1  Chemical composition of the <125 µm frac-
tions of the orange (574) and white-ish (575) layers of
the Krysuvik sample by XRF and LECO.

      Wt.%          574        575    
SiO2 43.1 46.5
Al2O3 9.7 12.8
Fe2O3 17.6 12.1
MgO 2.8 4.0
CaO 2.0 3.1
Na2O 0.3 0.5
K2O tr tr
P2O5 0.3 0.2
TiO2 2.6 2.0
MnO tr tr
S total 1.6 1.6
SO4 0.9 1.0
LOI 21.2 18.2

The data for sample 575 are an average of two meas-
urements that are very similar.  Amounts <1 wt.% are
listed as tr.

Reflectance spectra of the solfatarically altered
samples are shown in Fig. 5.  VNIR spectra of the
Haleakala cinder cone samples (250, 394) exhibit fea-
tures due to smectite, hematite, maghemite and jarosite
(Fig. 5A).  Sample 397 was collected further from the
cinder cone and containsfewer crystalline minerals.
NIR spectra of the solfataric Iceland samples show the
presence of clays, FeOx and hydrated components.
Visible spectra are in the process of being measured
and will provide more information about the FeOx
species in these samples.  XRD did not indicate any
crystalline FeOx minerals, suggesting that only short-
range ordered FeOx phases are present.  Some sulfate
is present in these Icelandic samples and features near
5 µm are attributed to this sulfate component that is
under further study.  The mid-IR spectrum of the
coarse chips from the yellow crust layer from the ac-
tive Icelandic spring (576) shows strong silica bands
that are in contrast to the spectra of the fine-grained
samples (Fig. 5B).

Aqueous processes on Mars: Direct evidence of
liquid water on Mars has not been found; however,
remote detection of alteration minerals may provide
evidence of short- or long-term aqueous processes or
hydrothermally active sites.  Continued spectral analy-
ses are underway that will provide VNIR spectral fea-
tures to be used by CRISM and OMEGA and mid-IR
spectral features to be used by TES and mini-TES to
look for evidence of the clays, iron oxides, and sulfates
indicative of volcanic alteration in either palagonitic,
pedogenic or solfataric environments.
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DETERMINATION OF NET MARTIAN POLAR DUST FLUX FROM MGS-TES OBSERVATIONS.  M. A. 
Blackmon1,* and J. R. Murphy1, 1Department of Astronomy, New Mexico State University, Las Cruces, NM 88003-
8001, USA.  *E-mail address: mablackm@nmsu.edu (M. A. Blackmon) 

 
 
Introduction:  Using atmospheric dust abundance 

and atmospheric temperature observation data from the 
Thermal Emission Spectrometer (TES) on board the 
Mars Global Surveyor (MGS), the net flux of dust into 
and out of the Martian polar regions will be examined.  
Mars’ polar regions possess “layered terrain”, believed 
to be comprised of a mixture of ice and dust, with the 
different layers possibly representing different past 
climate regimes [1-3].  These changes in climate may 
reflect changes in the deposition of dust and volatiles 
through impacts, volcanism, changes in resources of 
ice and dust [1], and response to Milankovitch type 
cycles (changes in eccentricity of orbit, obliquity and 
precession of axis) [9, 11-12].  Understanding how 
rapidly such layers can be generated is an important 
element to understanding Mars’ climate history.   

The TES instrument is an infrared spectrometer that 
observes a wavelength range of 6-50 µm.  Vertical 
temperature profiles derived from TES spectral data 
will be ingested into a 1-dimensional radia-
tive/convective transfer model of Mars’ atmosphere in 
order to “diagnose” the atmospheric circulation (winds) 
that can transport dust vertically and in the North/South 
direction.  An analysis method developed by Santee & 
Crisp [4] (for use with Mariner 9 IRIS data) will be 
used to derive the circulation and its ability to transport 
the suspended dust.  The vertical distribution of the 
dust will itself be derived from the observed tempera-
tures and the observed column dust abundance.  Along 
with TES data analysis, the NASA Ames Mars General 
Circulation Model (GCM) will be used to give a self-
consistent determination of the processes involved.  
These model results will be analyzed using the same 
methods as the TES data.  The TES data and model 
results should give a reasonable assessment of the net 
flux of dust around the poles, and help to understand 
whether dust is currently being deposited in the polar 
regions or eroding from these areas.  This analysis 
should provide clues as to the seasonal trends [1-
3,9,11-12] of the polar-layered terrains that have been 
in the spotlight over the past few years thanks to high-
resolution images from the Mars Orbiter Camera 
(MOC) onboard MGS. 

MGS-TES:  MGS has been in orbit around Mars 
since September 1997.  It carries on-board the TES 
instrument which is a Michelson interferometer that has 
a spectral range of 6-50 µm and a spectral resolution of 
5 and 10 cm-1 [5].  Vertical profiles of atmospheric 

temperature are derived from these spectra, at pressure 
levels ranging from the surface to ~40 km (0.02 mbars) 
at ~02:00 and ~14:00 local time [6]. 

Methodology:  This study uses the observed verti-
cal temperature data and dust content measurements 
from TES to analyze the sign (gain or loss) of dust at 
high latitudes.  The MGS-TES vertical temperature 
data can be analyzed in the same method as Santee & 
Crisp [4] to derive a transport circulation.  They de-
rived ‘transport’ circulation information from Mariner 
9 IRIS atmospheric temperature and dust distribution 
data in a diagnostic stream function model.  The dust 
column abundance can be derived from opacity meas-
urements in 9 µm silicate band from TES and then in-
put into a 1-dimensional radiative/convective transfer 
model to acquire a crude vertical distribution of the 
dust.  The calculated circulation and dust distribution 
will be combined to quantify the net dust flux. 

A comparison with [4] over the same season will be 
made as a preliminary order of magnitude comparison.  
Santee & Crisp [4] examined LS=343°-348°, and we 
have data for the same time period with MGS-TES for 
LS=343.4°-348.48°.  After the preliminary comparison 
of the circulation and dust distribution has been done 
and the results appear reasonable with [4], the analysis 
will then be applied over MGS years 1 and 2.  We will 
look at interannual variability for these two years, as 
there was a global dust storm in year 2 at LS=185° [6] 
and no global dust storm in year 1.  This year-to-year 
analysis of how dust storms affect dust flow around the 
polar regions can lead to an analysis of how the flux 
into or out of the polar regions is affected by the 
strength and/or number of dust storms during the Mar-
tian year. 

Along with TES data analysis, we will employ the 
NASA Ames Mars General Circulation Model (GCM) 
to give a self-consistent determination of the processes 
involved.  Applying the same analysis technique to 
model results, which provides a comparison of quanti-
fied dust flux and derived dust flux, will allow for the 
identification of potential problems in the analysis.  
The TES data in conjunction with the model results 
should give a reasonable assessment of the net flux of 
dust around the poles. 

Future Projects:  A challenging and fruitful pro-
ject beyond understanding the dust flux could be de-
termining the age of the layers from the net flux.  The 
flux of dust per year, which could give the annual 
deposition of dust per year, could be used in correla-
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tion with images from MOC (to get the thickness of the 
layers) and dust sizes measured using TES [8] in order 
to calculate the age of the layers that can be seen.  To 
do this, we could calculate the mass load, which is the 
amount of particle mass in a vertical column of atmos-
phere with a cross section of unity [7].  This is given by 
the optical depth τ, particle density ρ, and mean parti-
cle radius <r> 
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The time in years would be given by the flux Fdust 
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This technique would be an independent method from 
counting craters to determine ages of geologic areas on 
the surface and see how it compares with past determi-
nations of the ages of the layers [7,9].  This method of 
age dating could help determine ages in the North polar 
region which has a lack of craters over 300 m for age 
dating [9].  This age dating can also be done in con-
junction with changes in Martian orbital characteristics 
through the NASA Ames GCM to help constrain 
changes in flux throughout Martian geologic history 
[10]. 
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Introduction:  The search for past and present       

environments on Mars that could have supported life 
will be assisted by in-situ measurements and future 
sample return missions which provide a chronology of 
water activity and aeolian processes, and establish the 
age of geomorphological features on Mars.   

With the current focus on in-situ studies, Lepper 
and McKeever(1) proposed using luminescence dating 
techniques to help construct a geological history of 
Mars over the last one million years.  Aeolian proc-
esses have long  been suggested to shape the surface of 
Mars,(2) and studies are still underway to understand 
these processes.(3)  Recent work has also shown that 
water could be present on the Martian surface for brief 
periods of time either currently or in the recent past(4) 
and could result in features such as young flow chan-
nels(5). 

  New luminescence dating procedures(6,7) could 
provide ages for    several depositional environments, 
and analysis of the dose distributions among aliquots 
from a sample might help in inferring the nature of the 
depositional environments,(8) e. g., aeolian vs. water-
lain deposits(9).  The equipment required for in-situ 
luminescence measurements is straightforward, and the 
procedures used for mineral separates (i.e., quartz and 
feldspars) can be adapted for polymineral materials 
such as those expected to be encountered on Mars.  
The current work focuses on determining the lumines-
cence properties of Martian soil simulants, analogs, 
and meteorites, and using this information to develop 
luminescence dating procedures for use on the Martian 
surface. 

   
Luminescence Dating Principles:  Luminescence dat-

ing is based on solid-state properties of mineral grains 
that allow them to record their exposure to radiation.  
Absorption of radiation causes ionization of electrons, 
which subsequently become trapped at electron trap-
ping centers within the mineral. The concentration of 
such trapped electrons is a measure of the dose of ra-
diation absorbed. When the irradiated sample is stimu-
lated with light or heat, the electrons are released from 
their traps and recombine, releasing a portion of the 
stored energy as luminescence. If the luminescence is 
stimulated by light, it is called optically stimulated lu-
minescence (OSL); if it is stimulated by heat it is called 
thermoluminescence (TL). The intensity of the lumi-
nescence emitted from the mineral during stimulation is 

a measure of the dose of radiation initially absorbed. 
The value of the absorbed dose can be determined us-
ing appropriate  calibration techniques. 

The sources of natural radiation are the decay of 
natural radioactive elements in the soil (U, Th and K), 
galactic cosmic rays (GCR), and solar particle events 
(SPE).  By determining the rate of natural irradiation 
(either by direct measurement or calculation) of the 
mineral one can estimate the radiation exposure age 
according to: 
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where the SI unit for dose is the Gray (Gy, 1 J/kg).   

The radiation environment on the surface of 
planet Mars is determined by four factors: the ambient 
radiation environment, the properties of the Martian 
atmosphere, the properties of the Martian surface, and 
the radiation interaction models.  Using these data the 
average annual surface dose is calculated to be 51 mGy 
from GCR particles and 2.7 mGy from solar (SPE) 
particles (based on an 11-year solar cycle)(10). Esti-
mates from Martian meteorites suggest an average 
background dose rate of just 0.4 mGy/year due to U, 
Th and K(11). Thus, the radiation environment is domi-
nated by external radiation, even down to depths of 
>2m(9).  

Determination of the annual dose rate is thus 
simplified for those deposits that are shallow (less than, 
say, 2 m) and are stratigraphically stable.  For such 
deposits one can estimate a fixed annual average of 
approximately 54 mGy/year. These estimates are a 
global average and can be refined for the particular 
location of any future landing. On the other hand, esti-
mates of ages for deeply buried deposits would require 
a measurement or estimate of the background dose rate 
due to the presence of natural radioisotopes.  

The age being determined by this method is the 
time since the luminescence signal was last zeroed. For 
OSL dating of sediments the zeroing event is the last 
exposure of the sediment grains to sunlight during 
transport, prior to deposition. Deposition then results in 
shielding of the sediment from further sunlight expo-
sure and therefore, the “age” determined by OSL is the 
time since the last exposure to sunlight – i.e. the depo-
sitional age of the sediment. 
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Procedures(6) have been developed that allow 
equivalent doses to be measured on one aliquot (sub-
sample) thus greatly simplifying the process (as op-
posed to earlier multiple-aliquot methods).  The single-
aliquot regenerative-dose (SAR) procedure uses the 
sample’s response to a fixed test dose to correct for any 
sensitivity changes (changes in OSL response/ unit 
radiation dose) that occur during the measurement pro-
cedure.  The equivalent dose is determined by compar-
ing the sensitivity-corrected OSL signals of the natural 
irradiation and known laboratory radiation doses.  Ta-
ble 1 outlines the SAR procedure. 

 
Material Characterization:  Any materials en-

countered on Mars will more than likely be different 
than materials normally used for terrestrial lumines-
cence dating studies.  As a result, it is necessary to 
characterize the luminescence properties of Martian 
soil simulants and analogs.  In this paper, we describe 
the luminescence signals from polymineral fine-grains 
of a Martian soil simulant, JSC Mars-1, and the bulk 
fraction of an SNC Martian meteorite (ALH 77005,74). 

TL studies. The TL glow curve of JSC Mars-1 
shows a single broad peak between ~100oC and 370oC, 
with the maximum intensity at around 270oC(11). The 
Martian meteorite ALH 77005,74 has a TL glow curve 
with two peaks (Fig. 1). The first peak can be observed 
between the temperatures ~80oC and 160oC with the 
maximum at ~140oC, while the second broad peak 
ranges from 180oC to at least 400oC (the maximum 
annealing temperature) with a peak near 340oC.  Many 
Martian meteorites have peaks at ~120oC, suggesting 
that feldspar is in the low temperature ordered state(12). 
The presence of broad peaks in such samples could be 
a consequence of a single broad peak (due to a distri-
bution of charge trapping states) or the superposition of 
several smaller peaks.  

OSL studies. To determine the maximum dose     
estimable using blue stimulated luminescence signal 
(Fig. 2), the SAR method(6,7) was used to generate blue 
stimulated luminescence growth curves for JSC Mars-1 
(Fig. 3) and ALH 77005,74 (Fig 4).  For JSC Mars-1, 
the maximum estimable dose for blue optical stimula-
tion is ~7500 Gy, which corresponds to an age of 0.14-
18.8 Ma using the previous estimates of the minimum 
and maximum dose rates for Mars. The maximum es-
timable dose for the ALH 77005,74 sample is ~2500 
Gy, implying an upper age range of 0.05-6.3 Ma. 

For any dose estimation procedure such as SAR, a 
fundamental test is to demonstrate that a known dose 
can be recovered in the laboratory. To this end, dose 
recovery experiments were performed for the blue 
stimulated luminescence signals from the JSC Mars-1 
and the ALH 77005,74 sample. The equivalent dose 

ratios (measured/given) for JSC Mars-1 were 0.96 and 
0.84 for two different aliquots, and the corresponding 
ratio for ALH 77005, 74 was 0.98. The results of these 
experiments show that a known dose can be estimated 
to within 5% for both these samples.  
 

Procedure Development:  The SAR procedure 
was developed specifically for coarse-grain quartz 
samples and was later extended to polymineral fine-
grain (4-11 µm) samples.(7) As yet, however, no proce-
dure for coarse-grain (or mixture of grain sizes) has 
been developed for polymineral samples.  In fact, at-
tempts to apply the SAR procedure to coarse-grain 
feldspars have been unsuccessful(13).  

With the eventual goal of developing a true po-
lymineral procedure, experiments were undertaken to 
find a single-aliquot procedure for coarse-grain feld-
spars.  Five feldspar samples (microcline, oligoclase, 
anorthoclase, albite, and andesine) were examined to 
determine their general luminescence characteristics, 
characterize and understand any sensitivity changes 
experienced during repeated measurement cycles, de-
velop sensitivity-correction procedures, and recover a 
known laboratory dose using the procedure. 

Sensitivity changes do occur in these samples under 
repeated cycles of radiation dose, preheating, and OSL 
measurement.  However, if TL (to 450oC) is used to 
measure the luminescence signal, no sensitivity 
changes are seen. Consequently, measuring TL to 
450oC after each OSL measurement eliminates sensi-
tivity changes from repeated cycles of measurement.  
This result is consistent with sensitivity changes caused 
by competition among trapping states during irradia-
tion and measurement. 

To correct for sensitivity changes, the SAR proce-
dure (Table 1) was used as an outline.  Previous work 
has shown that the entire TL glowcurve is affected by 
optical stimulation, and this result indicates that the 
regeneration dose and test dose irradiations need to be 
preheated in the same manner.  The SAR procedure 
was then modified so that the heating in steps 2 and 5 
were identical (in both temperature and duration), and 
the sensitivity correction was tested by giving a fixed 
regeneration dose for 7 cycles.  If the procedure is ef-
fective, the same sensitivity-corrected ratio (Li) should 
be obtained for all 7 cycles and the regeneration and 
test dose signals should correlate (i.e., show the same 
pattern of sensitivity change).     

The results showed that not only is the same Li ob-
tained for the 7 cycles, but that the regeneration and 
test dose OSL signals correlate.  This is not the case 
when the test dose is heated in a different manner than 
the regeneration dose.  Further tests showed that a TL 
measurement could effectively be used each cycle (af-

Sixth International Conference on Mars (2003) 3201.pdf



ter the test dose OSL), although, as expected, very little 
sensitivity change is seen in this case. 

For any luminescence dating procedure, the mini-
mum requirement is that a laboratory radiation dose 
can be recovered using the procedure.  We used our 
modified SAR procedure to recover a known dose (~9 
Gy) for all the samples using the blue-stimulated OSL 
signal.  The samples were given a large “geologic” 
dose and bleached with blue diodes for an extended 
period of time to simulate natural bleaching.  The 
known dose was then given and recovered, both with 
and without a TL measurement after each test dose 
OSL.  Table 2 summarizes the results of the dose re-
covery experiments.  For either case (no TL, or TL 
each cycle), the dose can be recovered to within 5 % 
when one standard deviation is considered.  However, 
a procedure that does not use TL is preferable.  Not 
only is measurement time reduced, but using only OSL 
measurements (assuming the natural sample was 
bleached and not heated) allows measurement of the 
same trapped charge.  Thus, different charge popula-
tions may be measured in the natural and regenerated 
OSL signals.  For this reason, it is suggested that the 
modified SAR procedure be used without any TL 
measurements for coarse-grain feldspars. 

The above outlined procedure is far from complete.  
Feldspathic materials have long been known to suffer 
from anomalous fading,(14) and either a correction(15) or 
elimination(16) of this problem must be found.  The full 
procedure must then be tested using feldspar samples 
with independent age controls.    

Eventually, a true polymineral procedure needs to 
be developed.  The previous experiments (including an 
future anomalous fading corrections) will need to be 
repeated with admixtures of minerals (i.e., quartz and 
feldspars).  Finally, polymineral (and possibly mixtures 
of grain sizes) samples will also need to be tested 
against independent age controls.  

  Conclusions:  The thermoluminescence and blue 
stimulated luminescence signals from the JSC Mars-1 
and the Martian meteorite ALH 77005,74 have been 
characterized in this study. Dose recovery experiments 
show that radiation doses given in the laboratory can 
be estimated to within 5% using single-aliquot proce-
dures. The blue stimulated luminescence growth curves 
suggest that the maximum theoretical estimable dose is 
~7500 Gy for the JSC Mars-1 sample, and ~2500 Gy 
for the ALH 77005,74 sample. 

A single-aliquot procedure for coarse-grain feld-
spars (based on the SAR procedure) has been outlined.  
The procedure effectively corrects for sensitivity 
changes in the investigated samples by applying the 
same preheating regimen after all irradiation doses.  
Although natural samples with independent age con-

trols have not been dated, known laboratory doses 
could be recovered to within 5%. 
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Table 1: Outline of the SAR procedure. 
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Figure 1:  TL glowcurve of ALH 77005,74.  The 
curves were produced after a 300 Gy dose.  The three 

1. Regeneration radiation dose (Di), 0 Gy if natural 
signal 
2. Preheat at Tx

oC for 10 s* 
3. Measure OSL at 125oC 
4. Fixed test radiation dose (TDi) 
5. Heat to Ty

oC* 
6. Measure OSL at 125oC 
7. Repeat steps 1-6 for a range of regeneration 
doses, including a repeat point and 0 Gy dose 
8. Find sensitivity-corrected OSL (Li=Ri/Ti) 
 
* Tx and Ty determined from experiment 
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graphs represent the TL immediately after irradiation, 
after a 140oC preheat, and after a 200oC preheat as 
indicated. 
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Figure 2: Blue-stimlated OSL decay curve for JSC Mars-1. 
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Figure 3:  Sensitivity-corrected dose-response curve 
for the fine-grain fraction of JSC Mars-1.  The signals 
have been integrated over the first 1 s of stimulation.  
The open square represents a repeat of the first regen-
eration dose. 
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Figure 4:  Sensitivity-corrected dose-response curve 
for ALH 77005,74.  

 
Sample   % St. Err. R4/R1 0 dose 

Microcline         
  no TL -0.29 +/- 0.59 1.00 0.01 
  w/ TL* 4.52 +/- 0.37 0.99 0.00 

Oligoclase         
  no TL -1.25 +/- 0.25 1.00 0.01 
  w/ TL* 0.79 +/- 0.31 1.00 0.01 

Anorthoclase         
  no TL       
  w/ TL       

Albite         
  no TL -1.59 +/- 0.12 1.00 0.02 
  w/ TL 1.71 +/- 0.19 1.00 0.00 

Andesine         
  no TL 0.40 +/- 0.68 1.00 0.00 
  w/ TL 5.11 +/- 0.86 1.00 0.01 

Table 2: Results of feldspar dose recovery experi-
ments. 

An OSL signal could not be detected for 
Anorthoclase. 
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XRD/XRF INSTRUMENT AND THE USDC SAMPLER.  D.F. Blake1, P. Sarrazin1, S. J. Chipera2, D. L. Bish2,
D. T. Vaniman2, Y. Bar-Cohen3, S. Sherrit3, S. Collins4, B. Boyer5, C. Bryson6 and J. King7.   1NASA Ames Re-
search Center, MS 239-4, Moffett Field, CA 94035 (dblake@mail.arc.nasa.gov), 2Hydrology, Geochemistry, and
Geology, Los Alamos National Laboratory, MS D469, Los Alamos, NM  87545, 3Science and Technology Devel-
opment Section, Jet Propulsion Laboratory, MS 82-105, Pasadena, CA 91109, 4CCD Imaging Group, Jet Propulsion
Laboratory, MS 300-315L, Pasadena, CA  91109, 5Oxford Instruments, Scotts Valley, CA  95066, 6Bryson Con-
sulting, Morgan Hill, CA  95037, 7Engineering Clinic, Harvey Mudd College, 260 East Foothill Blvd. Claremont,
CA.

Mars Astrobiology Goals & Definitive Mineral-
ogy:  The search for evidence of life, prebiotic chemis-
try or volatiles on Mars will require the identification of
rock types that could have preserved these.  Anything
older than a few tens of thousands of years will either be
a rock, or will only be interpretable in the context of the
rocks that contain it.  In the case of Mars soil, identify-
ing the nature and quantity of both crystalline and
amorphous components will be essential to under-
standing sources and processes involved in its genera-
tion.

The key role that definitive mineralogy plays is a
consequence of the fact that minerals are thermody-
namic phases, having known and specific ranges of
temperature, pressure and composition within which
they are stable.  More than simple compositional analy-
sis, definitive mineralogical analysis can provide infor-
mation about pressure/temperature conditions of forma-
tion, past climate, water activity, the fugacity (activity)
of biologically significant gases and the like.

Definitive mineralogical analyses are necessary
to establish the origin or provenance of a sample:
The search for evidence of extant or extinct life on Mars
will initially be a search for evidence of present or past
conditions supportive of life (e.g., evidence of water),
not for life itself.  Definitive evidence of past or present
water activity lies in the discovery of:

*  Hydrated minerals:  The "rock type" hosting the
hydrated minerals could be igneous, metamorphic, or
sedimentary, with only a minor hydrated mineral phase.
Therefore, the identification of minor phases is impor-
tant.

*  Clastic sediments:  Clastic sediments are commonly
identified by the fact that they contain minerals of dis-
parate origin that could only have come together as a
mechanical mixture.  Therefore, the identification of all
minerals present in a mixture to ascertain mineralogical
source regions is important.

*  Hydrothermal precipitates and chemical sediments:
Some chemical precipitates are uniquely identified only
by their structure. For example, Opal A, Opal CT,
tridymite, crystobalite, high and low Quartz all have the
same composition (SiO2) but different crystal structures
indicative of different environments - from  hydrother-

mal formation to low temperature precipitation.  Other
silica types such as stishovite can provide evidence of
shock metamorphism. Therefore, identification of crys-
tal structures and structural polymorphs is important.

The elucidation of the nature of the Mars soil will
require the identification of mineral components that
can unravel its history and the history of the Mars at-
mosphere.  Examples include:

*  Cement components of the soil:  magnetic experi-
ments conducted on Mars pathfinder suggest that com-
posite grains exist with mixed mineralogies, possibly
cemented by a sulfur-containing component (Gypsum,
anhydrite, Mg-sulfates, other complex sulfates).

*  The iron-magnetic component:  (ferrihydrite, hema-
tite, etc.).  The hydration state, oxidation state and de-
gree of crystallinity of these components provide infor-
mation on water activity and oxygen fugacity.

*  The oxidative component:  Is this a UV photolyzed
surface layer or a phase ubiquitous in the soil?

*  The global/local dust and soil units:  Much of the
Mars surface will have been mapped multispectrally at
high resolution by the time data are returned from the
Mars Science Laboratory.  Ground truth mineralogical
data will serve to validate much of this information.

Crystal Structure Information is Required for
Definitive Mineralogical Analysis:  Mineralogical
identification - the determination of crystal structure - is
a critical component of Mars Astrobiological missions.
Chemical data alone are not definitive because a single
chemical composition or even a single bonding type can
represent a range of substances or mineral assemblages.
Definitive mineralogical instruments have never been
deployed on Mars, and as a result, not a single rock type
or mineral has been identified with certainty.

Minerals are defined as unique structural and com-
positional phases that occur naturally.  There are about
15,000 minerals that have been described on Earth.
There are likely many minerals yet undiscovered on
Earth, and likewise on Mars.  If an unknown phase is
identified on Mars, it can be fully characterized by
structural (X-ray diffraction; XRD) and elemental (X-
ray fluorescence; XRF) analysis without recourse to
other data because XRD relies on the first principles of
atomic arrangement for its determinations.  An un-
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known mineral discovered on Mars could be fully de-
scribed (structure and composition), named and likened
to terrestrial counterparts without recourse to other data.
X-ray diffraction is the principal means of identification
and characterization of minerals on Earth.

Modern X-ray diffraction methods are able to iden-
tify all minerals in a complex mixture using full-pattern
fitting methods such as Rietveld refinement [1].  When
X-ray amorphous material is present, Rietveld refine-
ment can determine the relative amount of amorphous
material, and a radial distribution function can be cal-
culated which will help identify the principal atom-atom
distances present in the material.

The CheMin XRD/XRF Instrument:  The
CheMin XRD/XRF instrument [2-6] is capable of de-
finitive mineralogical analysis.  The original prototype
has been modified (and made portable) by replacing the
original laboratory source with an Oxford Instruments
ApogeeTM small-focus X-ray source (figure 1).  In the
current version, the small-focus source (70 µm diame-
ter) and a 30 µm final aperture yield a beam diameter at
the sample of ~100µm.

A wide variety of minerals and rocks has been
analyzed utilizing 40 KV accelerating voltage and 0.25
µamps beam current (10 watts).  Interpretable patterns
of single minerals can be obtained in less than an hour
and quantifiable patterns of complex rocks can be ob-
tained in a few hours.

Figure 1:  CheMin II instrument

Quantitative mineralogical analyses have been ob-
tained for a variety of minerals using the CheMin II
prototype.  Rietveld refinements have been made using
data for apophylite (a zeolite), limestone, limestone-
evaporite, San Carlos olivine, the basaltic Mars meteor-
ite Zagami and many others.  Refined unit-cell parame-
ters for the San Carlos olivine from CheMin data are
4.757(4), 10.235(5), and 5.995(3) Å, yielding a compo-
sition of Fo90 - Fo95 (figures 2-3).

Sample preparation for X-ray Diffraction:  Powdered
samples are required for XRD because a near-infinite
number of orientations of crystallites to the beam is
needed in order to produce an interpretable pattern [7].
Chipera et al [8] report on the use of a flight prototype
Ultrasonic Drill (USD) to produce powders suitable for
XRD.  Although a two-dimensional detector as used in
the CheMin instrument will produce good results with
poorly prepared powders [9], the quality of the data will
improve if the sample is fine grained and randomly
oriented.

Figure 2:  2-D diffraction pattern of Olivine
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Figure 3:  Diffractogram of CheMin olivine data (red)
vs. positions & intensities of forsterite standard (blue
triangles)

An Ultrasonic/Sonic Driller/Corer (USDC) cur-
rently being developed at JPL (Figure 4) is an effective
mechanism of sampling rock to produce cores and
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powdered cuttings.  It performs best with low axial
load (< 5N) and thus offers significant advantages for
operation from lightweight platforms and in low grav-
ity environments.  The USDC is lightweight (<0.5kg),
and can be driven at low power (<5W) using duty cy-
cling.

To assess whether the powder from an ultrasonic
drill would be adequate for analyses by an XRD/XRF
spectrometer such as CheMin, powders obtained from
the JPL ultrasonic drill were analyzed and the results
were compared to carefully prepared powders obtained
using a laboratory bench scale Retsch mill.

Eight samples representing potential target rocks
for a Mars lander were prepared for study.  The sam-
ples include igneous volcanic rocks (basalt and ande-
site), sandstone, and evaporite/spring deposit rocks
(tufa, calcite veins, and calcite-gypsum evaporites).
To characterize the particle size distribution for sam-
ples obtained from the USDC, each sample was wet
sieved through 100, 200, and 325 mesh sieves (150,
75, 45 µm respectively) and sample weights were re-
corded.  Further analyses were conducted on the <325
mesh fraction using a Horiba CAPA-500 particle size
distribution analyzer set up to bin from 0-50 µm using
5 µm bins.

 Two types of rock powder were generated from
the drill.  Fine powder was generated from the cutting
tip itself; the second product consisted of spallation
detritus generated during the drilling operation.  It was
found that the softer materials tended to produce far
more spallation detritus than the harder, more compe-
tent materials and that the orientation of the drill to the
rock also affected spallation.  Figure 5 shows results
from a sample acquired from the basal limestone of the
Todilto Formation (Profile cliffs, Canjilon Creek, New
Mexico).  This sample is composed mainly of calcite
with minor quartz and gypsum.  The top histogram
shows that the bulk of the ultrasonic drill powder gen-

erated for this sample was composed of spallation de-
tritus.  However, the <325 mesh fraction (middle his-
togram), which is representative of the material gener-
ated at the cutting tip of the ultrasonic drill, shows that
the drill does an excellent job of generating a fine
powder for XRD analysis with much of the powder
less than 10 µm in size.  The bottom histogram shows
the particle size distribution obtained on this sample
from a laboratory Retsch mill for comparison.

The ultrasonic drill did an outstanding job of gen-

erating quality XRD powders from all of the materials
tested.  XRD patterns obtained from the mechanically
screened ultrasonic drill powders with CheMin II, as
well as with a laboratory Siemens D500 XRD unit, are
essentially indistinguishable from powders obtained
from a laboratory Retsch mill.  The particle size distri-
butions are also quite comparable between the two
methods, demonstrating that the ultrasonic drill is more
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Figure 5:  Basal Limestone, Todilto Formation

Figure 4:  A schematic view of the USDC components.
The USDC is shown to require relatively small preload
to core a rock.
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than adequate to generate powders for a landed
XRD/XRF spectrometer.  Equally important, the phase
composition of powders prepared using the USDC drill
is identical to powders prepared from bulk material
using the laboratory Retsch mill.  In practice, intro-
duction of the powder into an XRD instrument may
require passing the sample through a sieve to separate
the drill bit powder from spallation detritus.

Future CheMin XRD/XRF Instruments: Two
CheMin III laboratory instruments are being built.  The
first is a deep-depleted CCD version suitable for both
XRD and XRF.  The second is a phosphor-coated CCD
version suitable for XRD only.  The XRD/XRF instru-
ment, fitted with a Co X-ray source and a deep-depleted
CCD, will record both the positions and energies of
individual X-ray photons.  Deep-depletion will increase
the quantum efficiency (QE) for diffracted X-ray detec-
tion from 0.05 to at least 0.50, yielding a 10-fold in-
crease in count rate.  XRD data will be utilized along
with XRF results to create a fully quantitative system
for both data sets.  This is a particularly powerful com-
bination since refined lattice parameters from XRD can
in many cases be used to calculate composition (e.g.,
the San Carlos olivine shown in figure 3), enabling a
partition of elements into specific oxidation states.  In
combination with XRF, this will allow the quantifica-
tion of complex mineralogies in which solid solution
series are present (olivines, pyroxenes, amphiboles,
carbonates, etc.).

The second instrument, intended for XRD only, will
be fitted with a phosphor-coated CCD and a Mo X-ray
source.  This instrument will be used to evaluate a more
conservative fall-back strategy which would not require
cooling, single-photon counting or thin X-ray windows.
In addition, the phosphor will result in a QE of 1.0 for
the device.  A pin diode will be evaluated to collect
qualitative XRF data for use with the XRD results.

A fourth prototype (CheMin IV) which is being de-
signed for the Mars ’09 MSL opportunity, will utilize a
CCD camera based on the MER ’03 camera and a car-
bon nanotube field emission (CNTFE) X-ray tube de-
veloped by Oxford Instruments in collaboration with the
Center for Nanotechnology at NASA/ARC (figure 7).
The integration of a USD and powder delivery mecha-
nism with CheMin IV will yield a robotic, deployable
and flight-worthy XRD/XRF instrument.

CheMin IV will weigh less than a kilogram and will
operate with as little as five watts of power (although
increased power will result in shorter data acquisition
times).  Individual XRD patterns and XRF spectra will
comprise a data volume of 2X1024X16 bits.

This research was supported by NASA’s Astrobiol-
ogy Science and Technology Instrument Development
(ASTID) and Mars Instrument Development (MIDP)
programs as well as the Director’s Discretionary Fund
of Ames Research Center.  PS was supported by a fel-
lowship from the National Research Council.
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Figure 6: CheMin III prototype.  The camera is built by
Andor, Inc.  The camera is fitted with an e2v Technolo-
gies 55-30 front-illuminated, deep depletion sensor
1242 X 1152 pixels in size with 22.5 µm square pixels.
The Sample Loading and Manipulation System
(SLIMS) unit is designed and built by students from the
Engineering Clinic of Harvey Mudd College, and the X-
ray tube is a commercially available ApogeeTM Co tube
from Oxford Instruments.

Figure 7:  CNTFE X-ray tube manufactured commer-
cially by Oxford Instruments, Inc.
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Introduction:  The composition of the Martian sur-

face and atmosphere on a global scale has been discov-
ered in great part from spectroscopic measurements in 
the visible through infrared.  Spectroscopic observa-
tions on Mars however require careful analysis from 
both atmospheric and mineralogical perspectives.    

The 2-4 µm region contains diagnostic absorption 
features indicative of water such as the 3 µm bound 
water band and cation-0H stretches between 2-2.5 µm.  
Carbonate minerals also have absorption features in 
these wavelength range.   However, this wavelength 
region also has atmospheric signatures from CO, CO2, 
water vapor, clouds, and atmospheric dust that compli-
cate direct mineralogical interpretations.   Several ab-
sorption features have been identified in the in the 2.0 -
2.5 µm (e.g. Clark et al. 1990, Murchie et al. 1993, 
Bell et al. 1994) at moderate resolution.  These fea-
tures, while intriguing, are weak, narrow, and fre-
quently at the edge of instrumental and observational 
limits. 

Spectroscopic observations at high spectral resolu-
tions (λ/λ∆ > 800) can aid in the separation of weak 
surface and atmospheric absorptions that at lower reso-
lution overlap.   This paper focuses on understanding 
the atmospheric spectral signatures so that the underly-
ing surface mineralogy can be understood.  

Figure 1.  Long slit drift-scan geometry during the 1999 
KPNO observations 

 

 
Observations:  Imaging spectroscopy observations 

of Mars from 2 to 4.12 µm at high spectral resolution  
(λ/λ∆ ~ 800-2300) were collected in April 1999 using 
the cryogenic long slit spectrometer at the Kitt Peak 
National Observatory 2.2 m telescope and in July 2001 
using SpeX at the NASA Infrared Telescope Facility. 
The 1999 data have been used to model the cloud opti-
cal depth, particle sizes, and ice aerosol content of the 
aphelion cloud belt and to monitor diurnal changes in 
clouds (Glenar et al. 2003).  Preliminary analysis of the 
atmospheric dust, clouds, and ice of the 2001 data has 
also been undertaken (Glenar et al. 2002)    

A high spectral resolution image cube is created by 
allowing the spectrometer slit to slowly drift across the 
disk, while recording a continuous stream of 1D spec-
tral x 1D spatial images.  Customary processing steps 
(flatfield, sky subtraction, photometric corrections and 
wavelength calibration using lamp or atmospheric fea-
tures) are applied to each slit spectrum.   Figure 1 
shows an example drift scan.  This example shows the 
slit motion and Mars aspect geometry during the July 
14, 2001 SpeX observation.   Slit is oriented celestial 
north-south and drifts west to east on the sky.  Drift 
rate and spectrum coadd rates are chosen so that there 
are two spectral records per 0.5 arcsec slit width (Ny-
quist sampling).  During a sequence, the telescope syn-
chronously nods north-south to achieve careful sky-
subtraction.  The series of spectral images is reformat-
ted into a spectral image cube. During the drift scan 
sequence, a boresighted guide camera acquires a con-
tinuous time-tagged image series.  This is used later on 
to register each slit image in x and y, using a disk cen-
troiding algorithm. 

The influence of dust and clouds must be fully con-
sidered in spectroscopic analysis of the surface.  Physi-
cal and diurnal properties of water ice clouds can be 
derived from this data as discussed below, as can the 
properties of atmospheric dust (e.g., optical depth and 
single scattering albedo).  Finally, once the behavior of 
dust and clouds is understood, surface mineralogy can 
be investigated.   
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Figure 2.  Three µm band depth map (one of 6) showing ice 
cloud opacity in a qualitative sense. Dark features near disk 
center show clouds immediately to the west of Elysium 
Mons.  Other low latitude features arise from the diffuse 
aphelion cloud belt, and higher latitude features from the 3 
µm hydration band  

Figure 2 and 3 show the distribution and some 
properties of aphelion season clouds (Ls=130), from L-
band image cubes acquired in April '99.  Figure 2 
shows a map of cloud optical depth obtained from one 
image cube, albeit poorly represented in this black and 
white figure.  Dark represents larger cloud opacity.  
Prominent in this map (near center) is an orographic 
cloud which is just beginning to form on the west flank 
of Elysium Mons, at about 12:00 LST.  Additional 
features at other positions arise from the diffuse, north 
tropical cloud band, as well as the spectral influence of 
the 3 micron surface hydration band, which shows up 
at higher latitudes.  The local time evolution of the 
Elysium Mons cloud was analyzed quantitatively by 
fitting the measured cloud spectra from all six image 
cubes (spanning ~ 5 hours) to scattering models (Gle-
nar et al. 2003).  As shown in Figure 3, cloud thickness 
is initially indicative of morning cloud activity (c.f., 
Colaprete et al. 1999), followed by a decline in optical 
depth, and once again, prominent cloud growth due to 
afternoon convection and condensation in the cold 
aphelion atmosphere (Clancy et al. 1996). 

The 2001 IRTF measurements were acquired at 
Ls=195, coincidentally just after the onset and initial 
growth of the large, early-season dust storm 2001A 
(Smith et al., 2002).  Spectral image data acquired in 
K-band (Figure 4) show the effect of dust on the 
strength of the 2 micron atmospheric CO2 absorption 
band.  Increased dust opacity in the southern hemi-
sphere suppresses the depth of this band, mostly be-
cause of the effect of dust scattering.  Radiative trans-

fer models incorporating scattering, combined with 
these observations can be used to estimate dust optical 
depth and also constrain the dust single scattering al-
bedo, which is poorly known at these wavelengths 
(Clancy et al. 1995).  Dotted lines in these plots show 
the results of scattering model calculations (DISORT, 
Stamnes et al. 1988) which crudely approximate the 
observations.  Newly available dust RT parameters 
derived from MGS measurements of emission phase 
function, were provided for these calculations by Wolff 
and Clancy (personal communication).  Such results 
are sensitive not only to dust optical depth, but also to 
the assumed dust vertical distribution. 

 
 

 
 

Figure 3.  Local time evolution of the Elysium Mons cloud 
spectral shape.  Derived optical depth (τ at 3.2 µm) is indi-
cated at each time step. 
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Figure 4.  K-band spectra along the central meridian, in the 
northern (top) and southern (bottom) hemispheres during the 
global dust storm 2001A.  Dotted lines show model compari-
son spectra. 

Figure 5 shows a map of atmospheric CO2 band 
depth, which is a reliable (but qualitative) indicator of 
dust optical depth.  The dark region at north latitudes, 
near 0 deg longitude indicates a minimum in dust opti-
cal depth.  This partial void was also observed by MGS 
TES at about the same Ls (M. Smith, personal commu-
nication) and was later filled as the dust storm evolved. 
 

 
 
Figure 5.  Atmospheric CO2 band depth map.  This provides 
a qualitative, inverse measure of dust optical depth.  Bright 
in this figure indicates larger dust optical depth. 

The detailed modeling of cloud properties (Glenar 
et al 2003) permits us to now identify regions where 
the atmosphere is clear and to look for variations in the 
3 µm bound water band and for Cation-OH stretches 

on the Martian surface independent of possible clouds.  
Similarly, we can use indications of dust opacity in the 
2 µm carbon dioxide gas band to identify clear regions 
that are minimally affected by the 2001 dust storm. The 
high spectral resolution also enables the clean identifi-
cation of atmospheric features, solar lines, residual 
telluric absorptions, and weak surface features.   

Weathered Basalt or Andesite? Banfield et al. 
2000 mapped the surface of Mars using data from the 
Mars Global Surveyor Thermal Emission Spectrometer 
(TES). They identified two distinctive surface spectral 
signatures in the low albedo regions.   Modeling and 
comparison to terrestrial igneous materials showed that 
Type I material (older and located in the Southern 
highlands) was basaltic in nature while Type II (located 
in the younger Northern plains) was of andseitic com-
position.  Wyatt and McSween 2002 put forth an alter-
native interpretation for the Type II unit as a weakly 
altered basalt due to: similarities between the spectral 
characteristics of clays and high silica glass; geochemi-
cal arguments against the production of large volumes 
of andesite given Mars’s geologic history; and com-
parisons between the location of Type II material and 
proposed standing bodies of water in the Northern 
plains of Mars. 

Wavelengths between 2-4 µm have diagnostic ab-
sorption features indicative of water such as the 3 µm 
bound water band and cation-0H stretches between 2-
2.5 µm.  The large areal extent of the Type I and Type 
II units means that ground-based observations in this 
wavelength range could provide additional information 
on composition. 

The 2001 IRTF SPeX data was used to identify 
Type II material based on observational geometry and 
evaluation of dust opacity.  An represent spectra of this 
region was extracted using a 3x3 pixel box—shown in 
red in Figure 6.  This represents ~0.9 arc seconds area 
of the disc and is consistent with our spatial resolution.  
Note that there are clear albedo contrasts at this wave-
length in spite of the dust storm. Figure 7 shows the 
extracted spectra and the spectra of  montmorillonite (a 
clay).  No distinctive cation-OH stretches were seen, 
indicating that well crystalline clays are beneath our 
detection limits at this location.  No evidence for car-
bonates is observed. The fine structure seen in the 
spectra are due to absorptions in the Martian atmos-
phere (including dust, e.g. figure 4) and solar spectral 
features.  At this spectral resolution mineralogical ab-
sorption features are much broader than those observed 
in the spectra. 

The 1999 KPNO data was used to identify a region 
of Type II material in our dataset between 30° and 
50°N latitude and 260° - 280°W longitude.   The spec-
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tra show a clear 3 µm bound water band.  The attempt 
to identify Type I regions that were cloud free in our 
data set was problematic due to its association with 
volcanoes (which develop orographic clouds) and to its 
equatorial distribution, which is affected by the aphe-
lion cloud belt. Careful comparison of the Type II ma-
terial to the Type I basaltic unit and the Martian bright 
regions in the future may permit an assessment of the 
relative hydration state of the Type II materials and 
help resolve this debate.  However, detailed modeling 
of the spectra will be required and other effects such as 
grain size, cementation, and viewing geometry need to 
be assessed. 

  
 

Figure 6. Location of the spectrum shown in figure 7.    
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Figure 7.  Type II material between 2-2.5 µm and  an 
example clay  mineral, montmorillonite. 
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CONDITIONS.  B. P. Bonev1, P. B. James1, M. J. Wolff2, J.E. Bjorkman1, G. B. Hansen3, and J. L. Benson1, 1Ritter
Astrophysical Research Center, Dept. of Physics and Astronomy, Univ. of Toledo, Toledo, OH 43606, USA
(bbonev@kuiper.gsfc.nasa.gov; pbj@physics.utoledo.edu; jon@physics.utoledo.edu; jben-
son@physics.utoledo.edu), 2Space Science Institute, 3100 Marine Street, Boulder, CO 80303-1058, USA
(wolff@colorado.edu), 3Planetary Science Institute, Northwest Division, Univ. of Washington, Seattle laboratory,
Seattle, WA 98195 (ghansen@rad.geology.washington.edu).

Introduction: Carbon dioxide is the principal
component of the Martian atmosphere and its interac-
tion with the polar caps forms the CO2 seasonal cycle
on the planet.  A significant fraction of the atmospheric
constituent condenses on the surface during the polar
winter and sublimes back during spring.  The basic
aspects of the CO2 cycle have been outlined by
Leighton and Murray [1] and a number of follow-up
theoretical models ranging from energy balance to
general circulation models have been used to study the
physical processes involved in the cycle [2,3].

Observations of the boundaries of the seasonal CO2

caps and the pressure curves measured by the Viking
landers have been used to search for interannual vari-
ability in the carbon dioxide cycle.  An important as-
pect of these studies is the lack of evidence for a strong
coupling between the Martian dust cycle and the CO2

cycle. Ground-based historical data suggests some
connection, but disentangling real differences from
systematic errors is problematic [4].  On the other
hand, the Viking pressure curves for years with vastly
different dust storm histories have showed only subtle
differences [2].

MGS Observations: The 1999 and 2001 spring
regressions of the south seasonal polar cap have been
observed in unprecedented detail by MGS in both vis-
ual (MOC) and IR (TES) wavelengths.  This has pro-
vided an excellent opportunity for a precise compari-
son between the cap regression rates for years with
very different atmospheric conditions in early spring.
While the early phase of the 2001 regression occurred
during a global dust storm [5], the 1999 season was
significantly less dusty.  It should be emphasized that
the MGS observations allow studies not only of the
average cap decay but also of localized regions with
distinctive albedo properties, such as the Cryptic re-
gion [6] (low visual albedo) and the Mountains of
Mitchel [6,7] (high visual albedo).  A schematic repre-
sentation of the main observational results is shown on
Figure 1:

1.  Low visual albedo regions displayed slower re-
gression (by Ls~4˚-5˚) in 2001 compared to 1999 [6].

2.  Bright regions showed faster regression rates by
the same amount [6,7].

3.  Our preliminary average regression curves for
2001 and 1999 are very similar despite the very differ-
ent dust storm history.
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Figure 1. A schematic summary of the MGS observations of the 2001 south polar �
               cap decay. MOC images show that a significant fraction of the cap �
               was obscured by dust in early spring. The regression rates are compared 
               qualitatively to the 1999 season. Dark areas displayed slower decay [6], �
               while areas with high visual albedo regressed faster than in 1999 [6,7].   

Modeling the CO2 Frost Sublimation As a Func-
tion of the Atmospheric Dust Load: The three types
of surface responses to increased atmospheric dust
have been predicted using a radiative transfer model
through a dusty atmosphere bounded by a sublimating
CO2 surface.  The basic model has been described in
[7].  These are monte carlo calculations which use the
condition of radiative equilibrium and year-to-date
dust single scattering properties for both visual and IR
wavelengths [8].  The model considers two effects of
dust: atmospheric dust which redistributes the
radiation incident to the surface from visual frequen-
cies to the IR, and surface dust intermixed in the frost,
which is the main factor determining the surface al-
bedo spectrum [9].  Pure CO2 frost has a high visual
albedo and a distinct minimum in the IR emissivity
near 25 µm.  Intermixed dust on the surface tends to
lower significantly the visual albedo and to bring the
IR emissivity close to unity.  The second important
surface parameter is the grain size of the CO2 frost.

While in [7] we have considered only the limiting
cases of very high and very low visual albedos, here
we present a detailed parameter study spanning various
dust-to-ice mixing ratios and frost grain sizes.  The
results are shown in Figure 2a-2c which plots the CO2
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sublimation flux (SF) versus the total atmospheric dust
optical depth at 550 nm.  The SF has been normalized
to the total flux incident on the atmosphere and calcu-
lated as a difference between the spectrally integrated
fluxes absorbed and emitted by the surface (set to sub-
limate at 147 K).

Figure 2a. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 100 µm and various contents �
                 of intermixed surface dust.�
�

Figure 2b. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 1 mm and various contents �
                 of intermixed surface dust.�
�

The main model results reproduce qualitatively the
observations presented schematically on Figure 1:

1.  The absorption of surface frost with a high dust
content (1 wt% being the upper limit [9]) is dominated
by visual photons.  Therefore the attenuation of direct

solar radiation by atmospheric dust results in retarded
sublimation.

2.  Conversely, the absorption of regions with low
dust content is dominated by IR photons, owing to the
high visual albedos.  In this case the visual-to-IR re-
distribution of the energy incident to the surface,
caused by atmospheric dust, leads to increased subli-
mation rates.

Figure 2c. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 1 cm and various contents �
                 of intermixed surface dust.�
�

3.  There is a wide range of combinations between
surface dust content and frost grain size for which the
CO2 sublimation rates show only subtle variations with
the amount of atmospheric dust load.  In these cases
the surface absorption is distributed equally between
visual and IR wavelengths, so the overall atmospheric
dust effect is not important.  It should be emphasized
that the discussed region of the parameter space repre-
sents a "typical frost" [9] and consequently explains
the apparent insensitivity of the average decay rate of
the south seasonal cap to dust storm activity.  Strong
coupling between sublimation and atmospheric dust
exists primarily on local scale for regions with "devi-
ant" surface albedos.

A note should be made about the possibility that
newly deposited surface dust played a role in the faster
regression of bright regions (like the Mountains of
Mitchel) by lowering the surface albedo and thus in-
creasing the absorbed flux and consequently the subli-
mation rate.  While this scenario cannot be ruled out, it
fails to explain the slowing down of the dark regions
such as the Cryptic region, which is consistent with the
effect of atmospheric dust.
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Modeling improvements:
Surface properties. The surface albedo is a major

parameter and its accurate modeling is of primary im-
portance.  Compared to our first limiting case study [7]
we have examined in depth the albedo changes with
surface dust-to-ice mixing ratio and frost grain size;
the variation of the albedo with photon incident angle
and the dependence on the ratio of direct/diffuse inci-
dent radiation have been included.  In monte carlo cal-
culations the albedo dependence on the direction of the
reflected photons is also important. This variable has
been held as a free parameter by simulating different
laws of surface reflection.  A good constraint of the
best directional distribution of the photons reflected
would enable incorporating this factor accurately into
our model.

Atmospheric radiative transfer. The results pre-
sented are based on radiative transfer through atmos-
pheric dust.  The successful interpretation of all obser-
vations with this model is primarily due to the fact that
(1) the surface boundary conditions include sufficient
detail, and (2), that the radiative equilibrium calcula-
tions are fairly good in representing the visual-to-IR
redistribution of incident photons caused by atmos-
pheric dust.  At the same time an improved accuracy
and wider applicability is achievable only by including
the CO2 15 µm band as a second opacity source.  Us-
ing well-constrained dust single scattering properties
enables fairly accurate calculations in the visual, but in
the IR the CO2 band "screens" part of the thermal dust
emission (and vise versa). This interaction can be rep-
resented accurately only if these two opacity sources
are considered together.

The challenge is that our monte carlo calculations
use the condition of radiative equilibrium, i.e. the at-
mospheric temperature profiles are not used as input
but have been calculated based on the opacity sources
given.  The original algorithm [10] was built for tem-
perature-independent opacity sources like dust, and for
this case the whole procedure is non-iterative.  The gas
opacity is temperature and pressure dependent, and
therefore its inclusion causes a major change in the
model.  Addressing this, we first calculated the CO2

extinction coefficients averaged over parts of the 15
µm band using the correlated-k approach [11].  This
allowed the building of a simple "dust-and-gas" model
in which the CO2 opacity is calculated for some "char-
acteristic" pressure and temperature.  The next step has
been (April 2003) developed, and it includes self-
consistent calculations in which the gas opacity varies
with altitude through pressure and temperature.  Ulti-
mately such modeling can be used outside the polar
conditions to accurately simulate radiative effects
during global dust storms.

Acknowledgement: Five of the authors (BPB,
MJW, PBJ, GBH, and JLB) were supported by grants
from the Mars Data Analysis Program. JEB was sup-
ported by NSF Grant AST-9819928.
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DEPTH-DEPENDENT THERMAL STRESS ON A ONE-PLATE PLANET, MARS.  L. L. Boroughs1 and E.
M. Parmentier1, 1Department of Geological Sciences, Brown University, Box 1846, Providence, RI 02912,
Lydia_Boroughs@brown.edu.

Introduction:  We calculate the accumulated de-
viatoric thermal stresses and strains for a one-plate
planet such as Mars, using a parameterized thermal
evolution model. We determine that global cooling
should be a major contributor to stresses on Mars, re-
sulting in stresses large enough to cause compressional
faulting of the upper portion of the crust, and perhaps
larger than stresses from other sources. Compressional
features found globally on Mars including wrinkle
ridges [1, 2, 3], could therefore be explained largely by
the cooling of the planet, and our calculated thermal
stresses and strains agree with those from wrinkle
ridge structural studies.

Some workers have previously suggested that sur-
face tectonism on Mars could be the result of a global
mechanism [4, 3], but quantification of such a process
has not yet been fully explored. Previous studies have
examined thermal stresses for one-plate planets and in
lithospheric plates on Earth. Our calculations, use
boundary conditions appropriate for a one-plate planet
such as Mars, and include the effects of the volume
change of the cooling interior, as well as contraction
due to temperature changes in the lithosphere. Stresses
as a function of depth in the lithosphere are determined
by the distribution of cooling with depth, brittle failure
near the surface, and  viscous relaxation of stresses at
greater depths.

Methods: We calculate the accumulated thermal
stress and strain as a function of depth for a duration
corresponding to the time of wrinkle ridge formation,
based on a thermal  model of a cooling, one-plate
planet. Crustal thickness, rheology of the crust and
mantle, and distribution of heat sources all affect the
calculated stresses.

Cooling model. With the strongly temperature de-
pendent viscosity expected for solid flow by thermally
activated creep, a cool, high viscosity, conductive lid
forms at the top of a deeper, thermally convecting
mantle. Beneath a thermal boundary layer at the base
of the lid, convection maintains an adiabatic mantle in
which potential temperature does not vary with depth.
Thermal evolution models are formulated on the basis
of energy conservation in which the rate of change of
thermal energy in the convecting mantle is equated to
the difference between the heat flux into the conduc-
tive lid and the rate of radiogenic heat production. The
temperature at the base of the conductive lid and the
heat flux convected to it are determined by scaling
relationships derived from laboratory and numerical

experiments [5]. Within the conductive lid, tempera-
tures are determined by numerical, finite difference
solutions of the transient heat conduction equation with
an appropriately defined heat production as a function
of depth [6]. The conductive lid thickens as it cools.
Temperature-depth distributions as a function of time
form the basis of our calculated thermal stresses.

Thermal stress calculation. Several earlier models
calculate the thermal stresses in an oceanic plate (eg.
[7, 8]) and impose boundary conditions such that the
stresses averaged over the lithosphere thickness vanish,
since a plate can contract laterally to relieve this stress.
For one-plate planets [9, 10], the lithosphere is not able
to relieve stresses by lateral contraction. These models
can be further categorized, as those that consider the
stress generated by a change in curvature of a plate [7]
(such as is generated by a cooling planetary interior
and a reduction in planetary radius), by the cooling
within a plate [8], or some combination of these effects
[9, 10]. One can also contrast the models that consider
the depth-dependence of the stresses in a lithosphere
[10, 6, 9], and others which consider only the stresses
averaged throughout the thickness of the lithosphere
[7].

The increment of deviatoric stress produced from
an increment of cooling can be written as

ds (z) = E* {dR/R -  a dT(z)},
where ds (z) is an increment of deviatoric stress from
an increment of cooling of the lithosphere at some
depth, dT(z), and the change in radius of the planet, or
vertical strain, dR/R, due to an incremental cooling of
the interior of the planet, dTi, where a is the linear
coefficient of thermal expansion, E* = E /(1-n), E is
Young’s modulus, and n  is Poisson’s ratio. To a first
approximation,

dR/R ª a dTi,
where dTi is an increment of cooling of the convecting
interior of the planet. It is evident that an increment of
cooling, dT(z) contributes a positive, or tensional
stress, and an increment of cooling dTi contributes a
negative, or compressional stress.

The contributions to the total horizontal deviatoric
stresses from the cooling interior and lithosphere are
inter-dependent. At every depth (z) the radial dis-
placement is due to the cooling interior (all material
below the depth z), but is also affected by the elastic
compression of the interior due to contraction of the
lithosphere (a function of the stresses in the litho-
sphere, above the depth z) [9]. The stresses in the
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THERMAL STRESSES ON MARS: L. L. Boroughs and E. M. Parmentier

lithosphere are in turn modified by the internal com-
pression. We therefore derive a depth-dependent ex-
pression for the deviatoric thermal stresses which in-
cludes compression of the interior, a function of the
stresses at every depth. Derivation of this expression is
beyond the scope of this abstract.

Stress relaxation.  The accumulated stresses within
the lithosphere are limited either by frictional sliding
on faults or relaxed by viscous flow due to thermally
activated creep. Several workers incorporate similar
frictional sliding [8] or viscous flow [10] limits into
their stress estimates. Most, however, neglect one or
both of these considerations.

For a lithosphere that has been pervasively frac-
tured to some depth by impacts, frictional sliding pro-
vides a lower bound for accumulated stresses at shal-
low depths. Frictional sliding is incorporated into the
stress calculation by applying Byerlee’s Rule [11].
Thermal stresses that exceed the maximum or mini-
mum deviatoric stresses allowed using Byerlee’s Rule
are reset to the maximum or minimum values in each
time step. Stresses large enough to cause frictional
sliding occur in the upper few kilometers of the crust.

Our models use temperature and stress dependent
flow laws for three different crustal rheology examples
reasonable for Mars [12]: dry clinopyroxene (cpx)
[13], dry diabase [14], or wet diabase flow laws [15].
These are combined with similar flow laws for a dry
olivine (with a dry crustal rheology) or wet olivine
mantle rheology (with the wet crustal rheology case)
[16].

It is important to recognize that changing the
stresses at any depth, due to viscous relaxation or brit-
tle failure, can result in a change in the stresses at other
depths.

Strain. Incremental strain as a function of depth is
calculated using the incremental stress that does not
include brittle failure or viscous relaxation (described
above) for each time step,

de (z) =  {(1-n) / E } ds (z),
where ds(z) is the stress increment and de(z) the in-
crement of strain for one time step. Accumulating in-
crements de(z) over time gives the total strain at a par-
ticular time and depth. The strain calculations are then
compared with estimates of strain on Mars from tec-
tonic analyses.

Parameters. Our calculations consider crustal
thickness between 20 and 60 km, reasonable estimates
for Mars based the work of Zuber and others [17].

In the cooling model, the distribution of heat-
producing elements within the planet is varied between
a case for uniform heating (volumetric concentrations
of these elements in the crust and mantle are equal),
and the extreme case where all the heat-producing

elements are concentrated within the crust (volumetric
concentration in the crust is a function of crustal thick-
ness, and the concentration in the mantle is zero). We
do not consider cases where the concentration of these
elements in the mantle is greater than the crust, be-
cause incompatible heat-producing elements will end
up in a crust generated by melting the mantle.

Buried wrinkle ridges in the northern plains formed
in the Early Hesperian, with tectonic activity dimin-
ishing into the Mid-Hesperian [2, 18]. Recent work on
cratering rates for Mars [19] suggests that the Early to
Mid Hesperian corresponds to about 1 Ga of Martian
evolution. Therefore, wrinkle ridges must have formed
from stresses accumulated in the first 1 Ga.

For simplicity, we do not consider the effects of
phase changes in the mantle, hydrothermal circulation,
melt interaction or production, the presence of ice, lat-
eral density contrasts on the cooling or stress models,
or the petrologic dependence of Poisson’s ratio or
Young’s modulus, and defer these considerations to
future work.

Results:  Representative results for the evolution of
temperature, stress and strain contours, are given in
Figures 1-3 for 1 billion years of evolution. Profiles of
stress and strain for the same case are shown in Figure
4. This case assumes 50% of the heat-producing ele-
ments are concentrated in a 40 km thick crust, and uses
wet diabase and mantle rheologies, providing conser-
vative stress and strain magnitudes.

For the case represented in Figures 1- 4, the stress
magnitudes increase with time, and are large enough to
cause compressional failure in the upper 5 km of the
crust. Tensional failure does not occur. From about 5
km to 8 km, strain is elastic, and at >8 km viscous flow
becomes important, never allowing accumulation of
stresses at depths beneath 20 km.

The effects of different rheologies are shown in
Figure 5. Compared to the case in Figure 4, stresses are
sustained over greater depths and accumulate to larger
magnitudes for a stronger rheology (cpx is stronger
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than diabase, dry rheologies are stronger than wet).
Compressional failure occurs for all rheologies to 5 km
after 1 Ga, apparently independent of rheology. Strain
magnitudes are also independent of rheology, and the
profiles in the three cases shown in Figure 5 plot on
top of one another. While the type of strain may
change (i.e. from elastic to plastic), the magnitude is
not affected by changing rheology.

Similarly, the effects of varying crustal thickness,
and varying the distributions of heat-producing ele-
ments are shown in Figures 6 and 7. Over time scale
shown, the shape of the thermal profile within the crust
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is sensitive to changing the crustal thickness, but the
internal temperature is not. Therefore, the stress and
strain variations in Figure 6 are a result of the varying
thermal profile, and the weaker crustal rheology ex-
tending down to greater depths. Strain is shown to in
crease in magnitude at most depths with an increasing
crustal thickness. Tensional elastic stress and strain are
only seen with a thin crust.

The internal temperature in our thermal model, for
the time scale of 1 billion years, is sensitive to the dis-
tribution of radioactive heat-producing elements.
Therefore, variations in the distribution of these ele-
ments in the crust and mantle significantly affects the
thermal profile in each case. A higher concentration of
heat-producing elements in the crust results in more
rapid cooling of the interior and the lithosphere. For a
constant crustal thickness and rheology, Figure 7
shows that the depth to which stresses are retained
(~20 km) is not significantly affected by changing the
distribution of heat-producing elements. However
strain and stress magnitudes increase with increasing
heat productivity in the crust.

Discussion:  Previous hypotheses Martian com-
pressional fault formation suggest that the stresses pro-
duced by the evolution of the Tharsis rise are the
dominant mechanism, especially since the fault pattern
seems to be strongly affected by proximity to Tharsis.
Models of stresses from Tharsis include the effect of
surface loading (eg. [4]), thermally buoyant uplift by a
mantle plume, isostatic stresses due to lateral density
contrasts in the lithosphere, or some combination of
these factors [20]. Plume uplift or surface loading
mechanisms individually would generate stresses on
the order of two hundred MPa near the center of Thar-
sis, with magnitudes decreasing with distance from the
center, but with directions of faulting that depend on
the mechanism in question [20]. Some combination of
these mechanisms would therefore produce stresses of
smaller magnitudes.

Thermal stress magnitudes from our model are
comparable to those those from Tharsis buoyant uplift
or surface loading [20]. Interestingly, if some combi-
nation of Tharsis uplift and surface loading have oc-
curred, then the thermal stress magnitudes will domi-
nate, even at the center of the rise where the stresses
are the largest.

Recent studies of gravity and topography data show
that the load of Tharsis is nearly (95%) compensated
[21], and global horizontal stresses resulting from an
isostatic Tharsis [20] are at least one order of magni-
tude smaller than the maximum thermal stresses.

Surface strains from our calculations are compara-
ble to those measured in structural models of wrinkle
ridges [22]. Our calculations are also consistent with

fault geometry models for wrinkle ridges including a
shallow decollement. However, any decollement in our
model is required to change depth throughout the
thermal evolution of the planet as the stress magni-
tudes increase and the depth of brittle behavior in-
creases.

We conclude, therefore, that thermal stresses due to
the cooling of Mars may play a significant role in the
compressional tectonic features present on Mars, in-
cluding wrinkle ridges. Since thermal stresses are iso-
tropic, the orientations of ridges may be controlled by
the relatively small stresses from the loading of Thar-
sis, as suggested in [4, 3]. The thermally generated
accumulated strain may be reflected in the displace-
ments along faults beneath ridges. Since we do not
expect the thermal strains to vary widely with distance
from the center of Tharsis, the ratio of fault displace-
ment to ridge spacing should relatively constant. This
is a hypothesis that should be tested.

References: [1] Withers P. and Neumann G. A.
(2001) Nature, 410, 651. [2] Head J. W. et al. (2002)
JGR, 107(E1), doi:10.1029/2000JE001445. [3] Chi-
carro A. F. et al. (1985) ICARUS, 63,  153–174. [4]
Mege D. and Masson P. (1996) Planet. Space Sci., 44,
1499–1546. [5] Grasset O. and Parmentier E. M.
(1998) JGR, 103, 18171–18181. [6] Parmentier E. M.
and Zuber M. T. (2001) LPS XXXII, Abstract #1357.
[7] Solomon S. C. (1987) Earth Planet. Sci. Lett., 83,
153–158. [8] Parmentier E. M. and Haxby W. F.
(1986) JGR, 91, 7193–7204. [9] Turcotte D. L. (1983)
JGR, 88, A585–A587. [10] Hillier, J. and Squyres S.
W. (1991) JGR, 96, 15665–15674. [11] Kohlstedt D.
L. et al. (1995) JGR, 100, 17587–17602. [12]
McSween H. Y. (1994) Meteoritics, 29, 757–779. [13]
Bystricky M. and Mackwell S. (2001) JGR, 106,
13443–13454. [14] Mackwell S. J. et al. (1998) JGR,
103, 975–984. [15] Caristan Y. (1982) JGR, 87,
6781–6790. [16] Hirth G. and Kohlstedt D. L. (1996)
Earth and Planet. Sci. Lett., 144, 93–108. [17] Zuber
M. T. et al. (2000) Science, 287, 1788–1793. [18]
Dohm J. M. and Tanaka K. L. (1999) Planet. Space
Sci., 47, 411–431. [19] Hartmann W. K. and Neukum
G. (2001) Space Sci. Rev., 96, 165–194. [20] Banerdt
W. B. et al. (1992) in Mars (Kieffer H. H. et al. eds.),
249–297, Univ. of Arizona, Tucson. [21] Phillips R. J.
et al. (2001) Science, 291, 2587. [22] Okubo C. H. and
Schultz R. A. (2003) LPS XXXIV, Abstract #1283.

Sixth International Conference on Mars (2003) 3131.pdf



MARS GLOBAL SURVEYOR RADIO SCIENCE ELECTRON DENSITY PROFILES : INTERANNUAL VARIABILITY
AND IMPLICATIONS FOR THE NEUTRAL ATMOSPHERE. S. W. Bougher, Space Physics Research Laboratory, U. of
Michigan, Ann Arbor, MI 48109-2143, USA, (bougher@umich.edu), S. Engel, Lunar and Planetary Laboratory, U. of Arizona,
Tucson, AZ 85721 USA, D. P. Hinson, Stanford University, Palo Alto, CA 94035 USA, J. R. Murphy, New Mexico State University,
Las Cruces, NM 88003 USA.

The Mars Global Surveyor (MGS) Radio Science (RS)
experiment employs an ultrastable oscillator aboard the space-
craft. The signal from the oscillator to Earth is refracted by
the Martian ionosphere, allowing retrieval of electron density
profiles versus radius and geopotential. The present analysis
is carried out on five sets of occultation measurements : (1)
four obtained near northern summer solstice (Ls = 74-116,
near aphelion) at high northern latitudes (64.7-77.6N), and (2)
one set of profiles approaching equinox conditions (Ls = 135-
146) at high southern latitudes (64.7-69.1S). Electron density
profiles (95 to 200 km) are examined over a narrow range
of solar zenith angles (76.5-86.9 degrees) for local true solar
times of (1) 3-4 hours and (2) 12.1 hours. Variations span-
ning 1-Martian year are specifically examined in the Northern
hemisphere.

In four of these datasets, sampling is well distributed over
longitude. Specific attention is given to the height and magni-
tude of the primary F1-ionospheric peak observed in each of
these profiles. The height of this photochemically driven peak
is controlled by the neutral density structure. Variations are ob-
served as a function of SZA (weak) and longitude (strong), with
a mean height of 134-135 km for the near aphelion profiles.
The magnitude of this same photochemical peak is controlled
by the changing solar flux; a mean ionospheric peak density
of 7.0-9.0E+04 cm-3 was obtained, relecting solar moderate

conditions.
Seasonal inflation/contraction of the Mars atmosphere,

dust storm expansion/abatement, and planetary wave processes
are all thought to impact the integrated atmospheric column
and the height of the dayside ionospheric peak. The Michigan
Mars Thermospheric General Circulation Model (MTGCM) is
exercised for Mars conditions appropriate to these RS obser-
vational periods in order to understand the underlying neutral
atmosphere conditions giving rise to these ionospheric features
(mean and variations). Solar moderate fluxes (F10.7 = 130),
aphelion conditions (Ls = 90), and low dust opacities (tau =
0.3) are specificed. The MTGCM simulations also incorporate
wave features resulting from upward propagating migrating
plus non-migrating tides as well as in-situ tidal forcing. Lon-
gitude variations in the height of the simulated ionospheric
peak are contrasted with corresponding RS longitude varia-
tions in measured peak heights. Tidal modes responsible for
these longitude specific wave features are also identified. The
interannual variations in the longitude structure of the height
of the F1-peak (Northern hemisphere) are small, signifying the
repeatability of the Mars atmosphere during aphelion condi-
tions. Clearly, the height of the dayside ionospheric peak is
a sensitive indicator of the changing state of the Mars lower
atmosphere. This research is funded by the NASA MGS Data
Analysis Program.
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AEOLIAN SEDIMENT TRANSPORT PATHWAYS AND AERODYNAMICS AT TROUGHS ON MARS. M. C.
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Oxford, OX13TB, UK, mary.bourke@geog.ox.ac.uk 2Department of Geography, Loughborough University, Loughborough,
Leicestershire, LE11 3TU, UK. 3The John Hopkins University, Applied Physics Laboratory, Laurel, Maryland 20723, USA.

Introduction: There has been little focus on the aeo-
lian features associated with troughs and valleys on
Mars. We look at these features for two reasons. First,
the new suite of high resolution data permits an inves-
tigation of aeolian processs dynamics at the landform
scale. Second, it is important to understand the extent
to which geological signatures of past fluvial activity
have been modified by aeolian processes. Mars Orbital
Camera (MOC) images show that there is an abun-
dance of transverse bedforms on trough floors [15] but,
to date, other within-valley dune forms have not been
identified. Valleys on Earth are known to act both as
sediment sources within dune fields [11, 14, 19] and
also as interceptors or 'sinks' blocking or truncating
sediment pathways.  On Mars the approach to deter-
mining sediment sources, transport pathways and sinks
has tended to be global in scale [1] and few studies
have focused on the landform scale.

Topography affects both wind velocity and
direction. Sediment transport and erosion may increase
as wind velocities increase on the windward side of
topographic features such as hills and valleys [9]
whilst zones of flow separation on the downwind side
may be areas of preferential deposition [8]. Wind flow
patterns predicted by general circulation models for
Mars and Earth show correlation with the orientation
and location of aeolian deposits [1, 3] .  Terrestrial re-
search on the interactions between synoptic scale wind
flow and trough topography suggests that the presence
of troughs will initiate not only a within-trough wind
regime, but also may affect the strength and orientation
of wind on the Planitia surface [5, 16].

This paper focuses on the interaction between
trough topography and aeolian sediments on Mars.
Using detailed observations from narrow and wide
angle MOC images of troughs in Syrtis Major (and
elsewhere), the effects of interaction between regional-
scale wind patterns and trough topography on aeolian
depositional forms are described.  We highlight the
range of  dunes found within the trough, suggest po-
tential sediment sources and consider the role of the
trough as a temporary sediment sink and/or store.  Us-
ing work that has been undertaken on valley-wind in-
teraction on Earth, a preliminary 2d model is devel-
oped to investigate similar interactions under Martian
conditions. We suggest that, through its impact on
aeolian sediment transport pathways, the trough pro-
vides an important link (source/sink) for exchange of
sediment between different aeolian forms and different
parts of the surface. There is a sediment transport con-
tinuum between the trough and the aeolian features
both within and adjacent to it [4].

Aeolian deposits on the Planitia surface: Two
types of aeolian deposits are identified on the Planitia
surface adjacent to the trough - wind streaks and drift
deposits. Both bright and dark albedo markings feed
into and extend from troughs. These are similar to the
coalesced individual bright streaks reported by Thomas
et al., [18]. Most of the bright and dark albedo mark-
ings are discontinuous across the trough indicating a
change in streak composition. The details of the bright
albedo markings are seen in high resolution MOC im-
ages and are identified as drift deposits. Drift deposits
are accumulations of wind blown particles not orga-
nized into bedforms [9]. They appears to be a thin,
discontinuous, sediment sheet and the dark albedo area
appears devoid of (bright albedo) sediment at this
resolution. There are two types: sand patches and sand
streamers. Sand patches are irregularly-shaped areas,
the largest measuring 1.7 km2. Some appear to be
trapped in topographic lows such as degraded impact
craters. Streamers are narrow, slightly sinuous and
sometimes discontinuous. They have an average width
of 12 m and are of variable length (100-400 m). The
development and origins of the two types of deposit
appear to be linked as streamers frequently feed into
and extend from patches.  Lancaster [12] suggests that
sand patches are initiated in a zone of spatially and
temporally fluctuating winds and disperse as surface
roughness increases and sand supply is reduced.

Trough aeolian deposits: The trough floors have a
variety of aeolian deposits. As falling, transverse and
climbing dunes in troughs have been described else-
where [4] we will not repeate that data here. The range
of aeolian features detected  in troughs is now ex-
panded to include sand ramps, barchan, barchanoid and
linear dunes (see Fig. 1). Here we describe sand ramps.
These low albedo deposits have accumulated along
sections of the downwind  trough walls. The features
have scalloped upper margins, and overlie the trans-
verse ridges on the trough floor. MOLA profile data
intersecting one such feature indicates it climbs to at
least 28 m up the trough wall.  We interpret these de-
posits to be a series of sand ramps, where fine-grained
slope debris from the trough wall (and possibly floor)
is blown back up the trough wall. Sand ramps on Earth
are commonly composed of mixed materials such as
aeolian, fluvial and colluvial sediments [13].  Sand
ramps have not been previously reported on Mars.

Computational fluid dynamic modeling: W e
have undertaken preliminary 2-D computational fluid
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dynamic (CFD) modeling of the flow field generated
in an isolated trough in a flat, plateau terrain under
Martian conditions. The CFD used for this study was
developed by Ferziger and Peric [7] and uses an im-
plicit finite volume scheme with a pressure correction
method (SIMPLE scheme).We consider the idealized
situation where a wind blows steadily over the top of a
canyon consisting of two 90 m vertical walls separated
by an 800 m flat floor, and an 880 m plateau further
downstream. We assume that incoming wind velocity
possesses a flat profile and thereby crudely simulate
the surface acceleration of wind as it passes over the
upwind edge of a valley in wind tunnel experiments
[8].

Surface roughness on the upstream plateau and
within the Vallis probably ensures turbulent flow con-
ditions. We thus use a version of the SIMPLE scheme
that includes a _-_ turbulent flow model, where _ pa-
rameterizes the turbulent energy of a flow and _ esti-
mates the energy dissipation by turbulence in shear
zones near surfaces and at the edge of obstacles.  We
use values of _ = 0.015 and _ = 0.0037 that are com-
puted from the streamwise turbulence measured in the
wind tunnel experiments of Garvey et al., [8] using
typical equations for estimating these parameters [2].

Because we are considering steady state flows, the
outflow conditions assume zero velocity gradients at
the boundary and the same total mass flux as at the
inlet.

CFD Model Results: We present results for three
wind speeds:  1m/s, 10m/s and 20m/s.  The first two
encompass the wind speeds measured by several of the
Mars Landers on a typical Martian day [10, 17]. The
last corresponds to typical wind speeds measured dur-
ing Martian dust storms.

For all three wind speeds, similar flow streamlines
are produced. The results for the 1m/s model run is
presented in figure 2. We see a zone of recirculation
behind the upstream trough wall, recirculation associ-
ated with corner flow at the base of the downstream
wall, acceleration of flow and flow separation at the
top of the downstream trough wall, and formation of a
subsequent recirculation zone on the downwind sur-
face.  All the flow patterns are consistent with the wind
tunnel experiments presented in Garvey et al. [8] ex-
cept for the downstream corner flow re-circulation
zone.

  In our numerical results, the reattachment point is
at approximately at 5.9h, which is essentially identical
to that observed in the wind tunnel

Implications: This modeled modification of the
synoptic wind pattern by the trough has a number of
implications for sediment transport adjacent to troughs
on Mars and compares well with the distribution of
sediment observed in troughs.  First, the model of Gar-
vey et al., [8] suggests that there will be a region im-

mediately upwind of the trough where little or no aeo-
lian deposition takes place due to accelerated flow.
Second, the CFD illustrates a zone of flow separation
and consequent reduction in velocity at the upwind
trough wall.  We expect that, where sediment is avail-
able, significant amounts will be deposited at the foot
of the slope. Third, there may be erosion or a zone of
low/no deposition at the point of reattachment (~5.6h).
Fourth, there may be deposition in the recirculation
zone at the foot of the downwind wall. Fifth, as the
velocity increases at the top of the wall we suggest that
sediment erosion/entrainment may be enhanced and
would expect no or low deposition in this reach. Fi-
nally, beyond the trough we expect a zone of deposi-
tion.

The model indicates that maximum wind velocities
are generated at the trough outlet. These velocities are
an increase of ~30% for upwind values. The modeled
acceleration indicates that regional winds on the order
of 4.2 m/sec can mobilize sand in certain topographies.
As these lower magnitude winds occur more fre-
quently, we hypothesize a higher frequency of sand
transport in these locations. Dunes on Mars have not
actively migrated in the last ~30 years [6, 20]. We have
shown that topography can accelerate wind velocities
under Martian conditions. It may be that current dune
activity is limited to locations of accelerated flow and
features such as sand streamers and climbing dunes
associated with topography should be targeted in future
dune activity investigations.

Sediment sources and pathways:  Four potential
sediment sources for aeolian deposits in troughs have
been identified; wind streaks, ambient Planitia sedi-
ment, dunes and the trough (walls and floor). In addi-
tion, intra-dune nourishing is proposed as an important
component in the sediment transport pathway. A
trough can act as both a throughflow area for aeolian
sediments as well as a store, sometimes being signifi-
cantly modified by the aeolian deposits. Wind streaks
and ambient Planitia sediments, and in certain loca-
tions dunes, are sediment sources and means by which
sediment is transported across a surface on Mars.
Troughs (and valleys) will act as topographic barriers
to sediment flux, temporally storing sediment in a
range of bedforms.  Under appropriate conditions and
nourished by sources within the trough, sediment is
supplied to the downwind Planitia surface. These data
show that different styles of aeolian deposit can be
both physically connected and linked as sinks and
sources along sediment transport pathways.

Conclusions: Interaction between wind regimes
and topography can give rise to complex suites of aeo-
lian landforms.

There is a wider range of deposit types in troughs
on Mars than has previously been documented.  These
include wind streaks, falling dunes, ‘lateral’ dunes,
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barchanoid dunes, linear dunes, transverse ridges, sand
ramps, climbing dunes, sand streamers and sand
patches.

The sediment incorporated into these deposits is
supplied by wind streaks and ambient Planitia sedi-
ment as well as originating within the valley itself,
notably from the trough walls and floor.  There is also
transmission of sediment between dunes of different
types.

The flow model indicates flow separation on the
upwind side of the trough followed by reattachment
and acceleration across the trough. The inferred pat-
terns of sediment deposition and removal compare well
with the distribution of aeolian forms.

Model data indicate a speedup of wind velocity by
~ 30% on the downwind trough margin. This suggests
that, in suitable topography, the threshold wind speed
necessary for sand mobilization on Mars may be gen-
erated from regional wind velocities as low as 4.2
m/sec.

The range of aeolian deposits recorded at Arnus
Vallis (and in the Nili Patera Caldera and Candor
Chasma) may be inherently linked to regions of high
sediment flux, wind streak development and the pres-
ence of troughs and valleys.
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Figure 1
Trough in Central Candor Chasma MOC image

(E03-00746) 7.01°S, 72.69°W, 4.30 m/pixel. Image
shows sig infilling of trough system with sand that
significantly modifies morphometric signature (a),
transverse forms on adjacent surface (b). low albedo
dunes, falling dunes (c) and linear dunes (d), feeding
low albedo linear and barchan dunes (e) on downwind
side of trough.

Figure 2.
Streamline (top) and flow vector (bottom) results of

CFD model. The red arrows are equal to the incoming
flow speed. Reduced wind speeds are indicated in col-
our: from red, through yellow, green and to blue. The
arrow length indicates relative flow velocities. Mod-
eled flow is from left to right.  Streamlines and flow
vectors at 1 m /sec. Flow reattachment is at x/l = 0.7,
x/h = 5.9.

Sixth International Conference on Mars (2003) 3216.pdf



Evidence for a Thick, Discontinuous Mantle of Volatile-Rich Materials in the Northern High-Latitudes of
Mars Based on Crater Depth/Diameter Measurements: Joseph M. Boyce, Peter Mouginis-Mark, and Harold
Garbeil, All of the Hawaii Institute of Geophysics and Planetology, University of Hawaii, Manoa, Honolulu, HI,
96822. jboyce@higp.hawaii.edu.

Introduction:   The ultimate goal of this study is to
provide insight into the erosion and depositional his-
tory of Mars.  This study focuses on the surface history
of the northern high-latitudes of Mars suggested by
depth/diameter (d/D) relationships of craters found
within that region. Variation in d/D relationships
across this latitude zone suggests the presents of a
blanket of materials in the lowlands covering both
crater floors and the surround plains north of 45° N.
The technique described by [1] was applied to the
1/64° MOLA database in six sample areas (Utopia,
Acidailia, North Polar basin, the lowlands north of
Protonilus, and the highlands of northern Deuteronilus,
and Tempe Terra) in order to search for spatial varia-
tions in d/D.  Depth and Diameter for a total of 1023
craters, ranging from about 2 km to over 100km di-
ameter were measured in sample areas.  Unlike previ-
ous d/D studies that only measured depth from the
crater rim to its floor (dR/D), the difference in eleva-
tion between the surface surrounding the crater and the
crater floor was also measured for each crater (ds/D). 

Background:  The morphologies of fresh Martian
craters include features both similar and dissimilar to
fresh crater morphologies found on the other terrestrial
planets.   However, the basic sequence of changing
morphologies with increasing diameter from simple to
complex to multi-ring basins originally described for
the moon [2], and Mercury [3,4] applies to Mars as
well [5,6,7,8, 9].  Differences observed in the Martian
crater morphology (e.g., fluidized ejecta, pitted-central
peaks, size of simple crater to complex crater transi-
tion) from those on other planets are primarily second
order-variations, due to the influence of the Martian
environment [10].   On Mars, some variations are pro-
duced as an initial morphology of the crater [11].  For
example, [9] has suggested that the fresh crater dR/D
relationship may be different for craters in the north
polar region because of target material effects. How-
ever, other variations are clearly the result of modifi-
cation of the initial crater shape by surface process
such as erosion or deposition [8, 9,12]. To a first order,
the origin of such variation can be determined by com-
paring fresh crater morphologies produced when the
crater (in an area) to the crater(s) in question. Further,
different types of surface processes also produce char-
acteristic, though not unique, changes to the shapes of

craters.  With the aid of photogeologic analysis these
process can generally be inferred, providing insight
into history.  This technique is similar to that used by
crater counters to infer the surface processes that effect
the shapes of their size frequency curves. 

We have extended these earlier studies, measuring
dR/D and dS/D for craters in the Utopia basin.  We
found that the crater population in Utopia basin exhib-
its an anomalous ds/D relationship.  The floors of cra-
ters in Utopia basin were found to be generally at the
same elevation as the surrounding terrain [12]. This
behavior was ascribed to the deflation of a regional
mantle of fine-grained, ice-rich sediment similar to that
described by [13, 14].  We suggested that the mantle
had been produced from an ancient ocean. 

Results:   We have expanded our previous study of the
Utopia basin to three additional northern high-latitude
lowland sample area as well as two areas in the north-
ern high-latitudes highland (all north of 45° N). This
study focuses on craters in the 3km to 13km diameter
range because 1) small craters are most abundant and
hence provide the greatest statistical confidence, and
2) MOLA data is ill-suited for the accurate measure-
ment of d/D of craters smaller than a few kilometers.
Consequently, this size range is a balance between
these two constraints.  

The data show that the northern high-latitude region of
Mars can be divided into two major regions of similar
d/D relationships (note: polar materials were excluded
from this study). The first, the highlands terrain north
of 45°N, where the dR/D and dS/D relationships (Fig-
ure 1 and 2) are similar to those for craters found in
mid- and high-southern latitude regions (i.e., depth
increases with diameter). The second region, the
northern lowland plains, where the dS/D relationship is
markedly different from dsD in any other region on
Mars, while the dR/D relationship is similar to d/D
relationships found in all other parts of Mars [8, 9,12].
Like for the Utopia basin, a plot of the ds/D relation-
ship for craters in the high-latitude northern lowlands
plains follow a nearly horizontal regression line (slope
~ 0) on d/D plots.  This indicates that the crater floors
and the surrounding terrain are at nearly the same ele-
vation.  In addition, few craters in this size range show
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fresh crater dS/D relationships suggesting that the
mechanism that caused this relationship most likely is
geologically young. Though we have less statistical
confidence in the dS/D relationship for craters larger
that ~13km diameter and have not presented this data
here, it should be noted that the data suggest there may
be a slight increases in depth with increasing size.   

In addition to collection of d/D data, we have con-
ducted a preliminary examination of craters in the
northern lowlands using Viking, MOC and THEMIS
images.  Similar to previous observers (e.g., [13] [14]),
we have found that smooth, layered materials mantle
the floors of most craters and surrounding plains in the
anomalous dS/D region. On the floors of larger craters
these deposits may form discontinuous isolated mesas
while on the surrounding plain these deposits are typi-
cally patchy and discontinuous, resulting in the forma-
tion of a great variety of landforms on the northern
plains (e.g., knobs, irregular mesas, closed depressions
and various forms of patterning). Many of these land-
forms have been interpreted as developing from the
action of ground ice [14,15]. The mantle appears to be
up to several hundred meters thick and in some places
nearly fills craters a few kilometers across. The mantle
also appears to be layered suggesting they may have
formed as sedimentary deposits in a low energy envi-
ronment such as an ocean, lake or from the atmos-
phere. Most crater appear to be in the process of being
exhumed from beneath the mantle, with only a few
fresh craters found to be superposed on the mantle. 

Interpretation:   In order for the observed dS/D rela-
tionships to have developed in the northern lowland
plains a mechanism must be found that can explain
why crater floors are at about the same elevation as the
surrounding terrain.  While at the same time, this
mechanism must also explain why the distance from
the crater floors to their rim increases with crater size.
In addition, the mechanism must explain why nearly
all craters are effected in the northern lowland plains,
but none appear to be affected in the northern high-
lands.  We suggest that deflation of an ice-rich mantle
covering the northern lowland plains best explains the
data and is the most likely cause of the anomaly,
though such mechanisms as viscous relaxation, surface
creep or deposition from the atmosphere, might con-
ceivably explain some of the observations [15, 16,17].
We favor our model because 1) sublimation and defla-
tion of a several hundred meters thick ice-rich mantle
would produce the observed d/D relationships, and 2)
the anomalous dS/D relationship is found only in the
northern lowland plains, but absent in the northern
highlands. This latter relationship argues against sur-
face creep or viscous relaxation because ground ice

needed for these mechanisms to work is stable and
expected to be present in both the northern lowlands
and northern highlands [14, 15].  As a result craters in
both these areas should show the effect of these proc-
ess, but they are absent in the northern highlands.
Similarly, processes that would deposit the mantle
from the atmosphere should also operate in both re-
gions.  However, because the anomalous dS/D relation-
ship is limited to the northern lowlands but not ob-
served in the northern highlands this process also ap-
pears to be ruled out. 

We suggest that the erosion style of the mantle has
produced the observed d/D relationships. There is am-
ple evidence for a mantle blanketing the northern
lowland plain that is made of layers of volatile rich
fine-grain materials [14,15]. We contend that sublima-
tion of ice from this mantle and the subsequent re-
moval of its fine-grained sediments by the wind would
result in uniform erosion across its surface. Conse-
quently, as the mantle (assuming it was initially de-
posited of approximately uniform thickness in any
particular area) erodes and its elevation decreases all
points on its surface would stay at the same relative
elevation with respect to one another, both inside and
outside of the craters. As a result, the topography of
buried craters would be progressively exposed, analo-
gous to the way they would be exposed if submerged
in a lowering body of water. This process would result
in the development of ds/D relationship where ds val-
ues are nearly zero no matter the value of D.  At the
same time, because rim height is typically a function of
crater size, the rims of the largest crater should emerge
first from beneath the deflating mantle’s surface.  As
deflation continues and the surface elevation of the
mantle decreases locally, rims of smaller and smaller
craters will also emerge. As this process continuous,
the larger craters, with their higher rims, will rise
higher above the deflating mantle than do the smaller
ones with their lower rims.  This process results in the
development of a dR/D relationship where dR increases
with increased D.  

Origin of the Mantle:    Our model suggests that the
observed d/D relationship of craters found in the
northern lowland plains is caused by the erosion of a
geologically young mantle composed of several hun-
dred meters of ice-rich sediments. What are the ways
such an ice-rich sedimentary mantle could be pro-
duced? The observed layering in the mantle is consis-
tent with deposition of sediments in a low energy envi-
ronment such as provided by a large body of standing
water (i.e., ocean) or from the atmosphere. An atmos-
pheric origin appears to be ruled out by the distribution
of the mantle, but expected for an origin involving an
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ocean [18, 19].  In addition, the relative youth of the
deposit is inconsistent with an origin related to an
ocean whose water was derived from floods delivered
down the large outflow channels [18,19].  However,
the recent work of [14] (water from a local source) and
[20] (water from a global aquifer) have proposed
mechanisms that provides large amounts of water from
the subsurface at nearly anytime.  The details of these
models must be developed further in order to decide
which fits or data best and therefore favor.
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Figure 1: Plot of crater diameter against crater depth
relative to crater rim for craters in the 3-13km diameter
range. Lines through data points are regression lines
for each area.  A line represent d/D for all fresh craters
from [8] has been include for comparison purposes.  
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Figure 2: Plot of crater diameter against crater depth
relative to the surrounding surface for craters in the 3-
13km diameter range.  All depth have had 200 m
added to their value to make all measurements posi-
tive.  Lines are the same as in Fig. 1.

Figure 2. Depth from the Surrounding Surface/Diameter for Craters 
in the 3-13km Range North of 45 Degrees
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ABUNDANCE AND DISTRIBUTION OF ICE IN THE POLAR REGIONS OF MARS: MORE EVIDENCE
FOR WET PERIODS IN THE RECENT PAST.  W. V. Boynton1,2, M. Chamberlain1, W. C. Feldman3, T.
Prettyman3, D. Hamara1, D. Janes1,  K. Kerry1 and the GRS team. 1Lunar and Planetary Lab, Univ. of Arizona,
Tucson AZ 85721, 2Department of Planetary Science, Univ. of Arizona, Tucson AZ 85721, 3Los Alamos National
Laboratory, Los Alamos N.M 87545. 

Introduction: In our earlier work [1] we showed
that the south polar region of Mars had high contents
of subsurface ice. This conclusion was based on a
preliminary analysis of data from the Mars Odyssey
Gamma-Ray Spectrometer instrument suite. Subject to
the assumptions made at the time, the GRS
observations in the south polar region could be fit to a
two-layer model consisting of a “dry” upper layer with
low hydrogen content and an ice-rich lower layer (fig.
1). The upper layer ranged in H content, expressed as
H2O, ranging from 2% near -45  latitude to 3% near    
-75 . The thickness of the upper layer, expressed as
column density, ranged from >100 g/cm2 at -55
latitude to 40 g/cm2 near -75 . The ice content of the
lower layer was inferred to be 35 ± 15% with the
higher end of the range preferred. 

Fig. 1. Longitudinally averaged neutron flux
determined by the Mars Odyssey GRS instrument
plotted vs. model calculations for a regolith with upper
and lower layers having different H2O contents and
different thickness of the upper layer.

Several necessary assumptions were made in this
work, the most significant of which was that we
needed to make a normalization for the absolute flux
of both gamma rays and neutrons. For the neutrons we

chose to normalize the flux to that of the Viking-1
landing site by assuming that the regolith at that site
had 1% H2O. At that time the statistical uncertainty of
the gamma-ray flux was such that we could not
normalize to just one spot on the planet. Consequently
we normalized the gamma-ray flux by assuming that
the entire mid-latitude region between ± 30  had an
average H2O content of 1%.

We now know that both of these assumptions were
incorrect, and we have determined better normalization
values. For the neutrons, we normalize to the case of
the thick CO2 seasonal frost in the north overlying the
water-ice residual cap [3]. For the gamma rays, we
normalize to the frost-free northern residual cap as
described below. The effect of these normalizations is
to increase the amount of subsurface ice, but it has
little effect on the inferred depth of the ice.

Normalization of gamma-ray data: In order to
normalize the gamma-ray data, we needed to find a
region on Mars with a known water content. The
northern residual cap is the obvious choice. The cap,
however, does not completely fill our field of view. In
order to quantitatively determine the fraction of the
field of view, we built a computer model of Mars with
the residual cap containing 100% H2O, the remainder
of Mars containing no H2O, and with an accurate
model of the GRS including the angular dependent
detector efficiency map for the 2.223 H gamma-ray
line. The detector was then “flown” over the polar
region many times to simulate the Odyssey orbital
alignment. The process was repeated a second time
with the assumption that the entire surface was 100%
H2O. The ratio of the two results showed that the
residual cap accounted for about 70% of the footprint.
Because the remaining 30% of the footprint is clearly
not ice-free, we had to make an assumption concerning
the water content of the remaining 30% of the
footprint. We assumed the remaining 30% had a flux
similar to the ice-rich regolith observed in the area
nearby. The H gamma flux collected by the GRS over
the pole was then normalized to this modeled flux.

Results: The results are shown in the maps in fig.
2. In these maps, the gamma-ray flux has been
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Fig. 2. Polar stereographic views of H2O content inferred from the gamma system of the Mars Odyssey GRS.
The H2O content is calculated assuming there is no upper ice-free layer and is thus a lower limit to the H2O content
in the lower layer. The dark contour is the residual cap and the light contour is the layered terrain. 

converted to equivalent amount of H2O assuming that
the hydrogen is evenly distributed with depth, i.e. there
is not an overlying ice-free layer. This assumption is
clearly incorrect, but it serves to provide a firm lower
limit to the amount of H2O in the soil. If, as seems
clear, the ice-rich regolith is covered by an H2O-poor
layer, the H2O content in the lower layer must be
substantially higher because the overlying layer will
attenuate the gamma-ray flux. 

These results can be compared to similar maps in a
companion abstract based on epithermal neutron flux,
which also provide a lower limit to the amount of H2O
present [4]. At this time we have not performed the full
analysis similar to that done by [1], in which the
epithermal neutrons, thermal neutrons, and gamma
rays are all combined to determine the H2O content in
each layer as well as the depth of the boundary
between the two layers. (These results will be
presented at the meeting.)

In the south polar region the lower limit to the H2O
content, made by assuming the H2O is evenly
distributed with depth, is around 35%. Considering
that there is clearly a significant amount of H2O-poor
soil in the top few tens of centimeters, the H2O content
in the ice-rich layer is on the order of 50% or more. In

the north, the H2O content is even higher. In a few
places away from the residual cap it is as much as
50%, again, assuming it is not buried beneath an H2O-
poor soil. Though we have not yet done the detailed
analysis to determine how thick the upper layer is in
the north, it is clear we either have more ice in the
north than in the south or it is closer to the surface.

Discussion: In either case, the ice content is very
large. We know based on our earlier analysis [1] that
the ice in the south is buried by about 40 g/cm2 of ice-
free regolith. The change in normalization of both the
neutron and gamma-ray data will not significantly
change this conclusion. The amount of ice necessary to
account for the implied surface-ice content in the south
is greater than 50%. In the north, we see places where
the surface-equivalent ice content is greater than 50%.
A preliminary look at the depth of the ice shows that it
is also buried, but we do not yet know by how much.
At this point we can conservatively estimate the ice
content in the subsurface ice-rich layer to be greater
than 50% by weight.

These ice amounts are in units of weight percent;
the ice content is even greater when converted to
volume percent. Table 1 shows the relationship
between volume percent and weight percent assuming
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a bulk grain density of 2.5 g/cm3. The column “Ice-
free density” is the density of the soil without ice
assuming the ice was completely filling the pore space.
It can be seen that the 50% ice limit inferred from the
GRS data implies a volume of ice greater than 73%.

Table 1. Relationship between ice content and ice-
free soil density.

Weight % ice Volume % ice Ice-free density

20% 41% 1.49

35% 59% 1.01

50% 73% 0.67

65% 84% 0.41

One mechanism for emplacing ice in the regolith of
the polar regions is by vapor diffusion of atmospheric
water down to levels in the soil where the temperature
is below the frost point [4,5]. In this mechanism the
diffusion and condensation of frost occurs up to the
limit of the porosity of the regolith. In order to get
greater than 50% ice by weight, the soil would have to
have a porosity greater than 73% (Table 1). This
porosity implies a density of 0.67 for the ice-free
regolith. This value is much less than the estimate for
the Viking Lander 1 site of 1.15 ± 0.15 g/cm3 for
wind-blown drift material and 1.6 ± 0.4 g/cm3 for the
regolith including blocky material [6]. The required
porosity to account for the GRS derived ice content by
vapor diffusion is unreasonably high implying that it is
not a viable mechanism to account for the high ice
content seen in the polar regions.

As noted earlier [1], there is a strong correlation
between the regions of predicted subsurface ice
stability based on detailed thermal models of the
regolith [5] and the location of subsurface ice based on
GRS data. This strong relationship between regions of
predicted stability and regions of implied subsurface
ice is certainly not accidental, but it does not
necessarily imply that the ice was deposited by vapor
diffusion. The relationship can equally well be
established by ice emplaced with some other process
but which is now being, or was in the past, lost by
diffusion out of the regolith under conditions
determined by the depth of the subsurface frost point.
An equilibrium configuration is the same whether
approached from above or below, e.g. by condensation
or by sublimation.

Another mechanism is therefore needed to emplace
ice with a high ice/dust ratio. One mechanism that
could operate under different conditions in the past is
to deposit ice in the form of snow or frost directly onto
the surface of the regolith in the polar regions. For this
mechanism to satisfy the GRS observations, the rate of
ice deposition would have to be higher than the rate of
dust deposition. 

Presumably the dust and ice could be deposited at
different times over the course of a Mars year, but the
ice would have to be present on the surface year round.
Any significant seasonal sublimation of ice would
leave behind a lag deposit of dust which would dilute
the snow or frost deposited the next year. Clearly in
order to build up the regolith with a high ice/dust ratio,
the lag deposit cannot be thicker than the layer of ice
which is deposited in any given season.

The current Mars epoch is not conducive to this
mechanism, but sometime in the past it clearly must
have been. An important question is how far in the
past did this happen. There is abundant
geomorphological evidence for a wet Mars in the
distant past as summarized by [7] for which there is
little dispute. There is also evidence for a wet Mars in
the more recent past [7], but this interpretation of the
geomorphological data is more controversial.

The high subsurface ice content implied by the
GRS data is not consistent with the ice being emplaced
in the distant past and surviving to the present. The
combination of gardening of the soil via meteoroid
impact and loss of ice from the upper few tens of
centimeters during the dry epochs would gradually
reduce the ice/dust ratio to that determined by the
porosity of the ice-free regolith. 

An important characteristic of the mobility of water
on Mars is that once ice is removed by sublimation, it
cannot be replaced by subsurface vapor condensation
to any greater extent than that permitted by the amount
of pore space. Following sublimation from a very ice-
rich layer, the lag deposit of dust left behind would
have its own porosity that would limit the amount of
ice that could be subsequently added by vapor
diffusion and condensation. Thus if a layer in the
subsurface regolith is observed to have a very high ice
content, that high content must be a primary feature of
its emplacement process. If the ice were ever lost due
to sublimation, it could never be completely replaced
by diffusion and condensation. 

The high ice content observed by GRS must
therefore reflect emplacement of the ice in a time that
is more recent than that implied by meteoroid
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gardening. It could, of course, be much more recent.
At the other end of the time constraint, we only need
as much time as necessary for the upper layer to lose
ice consistent with predictions of the thermal models
for the current epoch.

References: [1] Boynton W. V. et al., (2002)
Science, 297, 81. [2] Feldman W. C. et al., (2002)
Science, 297, 75. [3] Feldman W. C. et al., (2003)
GRL, submitted. [4] Leighton R. B. and Murray B. C.
(1966) Science, 153, 136. [5] Mellon M. T. and
Jakosky B. M. (1993) JGR, 98, 3345. [6] Moore H. J.
and Jakosky  B. M. (1989) Icarus, 81, 164. [7] Baker
V. R. (2001) Nature, 212, 228. [8]  Mellon M. T. and
Jakosky B. M. (1995) JGR, 100, 11781.
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CRUSTAL FIELDS IN THE SOLAR WIND: IMPLICATIONS FOR ATMOSPHERIC ESCAPE. D.A. Brain, LASP, Uni-
versity of Colorado at Boulder, Boulder CO 80309-0392, USA, (david.brain@colorado.edu).

Motivation: The strength of the magnetization of “crustal
sources” at Mars suggests: 1) that the crustal sources have been
present for billions of years, most likely having been magne-
tized early in Martian history by a global dynamo field; and 2)
that the sources produce observable modifications to the mar-
tian solar wind interaction [Acuña et al., 2001]. Each of these
conclusions has implications for one of the most fundamental
issues in Mars science - the history of martian climate. Re-
gardless of whether the early martian atmosphere was “warm”
or “wet”, few investigators dispute the idea that the present-
day atmosphere is substantially smaller than it was in the past;
much of Mars’ early atmosphere has been lost. A number of
atmospheric loss processes have operated at Mars over its his-
tory, including loss from impacts, adsoprtion into the martian
polar caps and subsurface, and loss to space. It is important
to understand the relative importance of these processes at dif-
ferent epochs, as well as the quantity of atmosphere that was
removed by each process. Today, Mars’ small gravity and lack
of a global magnetic field to protect the atmosphere from the
solar wind make loss to space more efficient than at Earth or
Venus. Prior to the discovery of crustal sources by the Mars
Global Surveyor (MGS) magnetometer (MAG), model calcu-
lations of present day loss rates assumed that the solar wind
interacted directly with the martian upper atmosphere. Here
we examine how the discovery of crustal sources should revise
our thinking about atmospheric escape to space at Mars, both
at present and over martian history.

Shielding: One might expect that crustal sources shield
portions of the Martian atmosphere from the solar wind in the
same way that Earth’s global magnetic field protects its atmo-
sphere from the solar wind. At Earth and at Venus the location
at which the solar wind is deflected around the planet can be
thought of in terms of simple pressure balance. At Venus, the
location where the pressure of the solar wind (almost entirely
dynamic pressure) is balanced by thermal pressure in the iono-
sphere nearly coincides with the ionopause observed by the
Pioneer Venus Orbiter [Phillips et al., 1988]. We have per-
formed an analogous calculation at Mars, including magnetic
pressure from crustal magnetic sources in the calculation. An
image of the Martian "pressure balance obstacle" to the solar
wind is shown in the figure below. Crustal sources at Mars
substantially perturb the obstacle upward to altitudes in excess
of 1200 km in some locations (over 1/3 of the radius of Mars)
for typical solar wind conditions. The obstacle varies not only
with changes in solar wind and ionospheric conditions, but
also with Mars’ rotation on its axis. To first order, then, crustal
sources deny the solar wind access to portions of the upper at-
mosphere. Since the solar wind can not reach these locations,
we expect that the amount of solar wind-related ionization in
the upper atmosphere is smaller than if crustal sources did
not exist. We will present calculations of the number of ion-
izations due to charge exchange and electron impact that are
prevented by crustal sources. Preliminary estimates suggest

that the reduction in escape rates is less than 30%.

Open Field Lines: Despite Earth’s large global magnetic
field, charged particles from the solar wind still have access to
portions of Earth’s atmosphere near the magnetic poles. Un-
der favorable solar wind conditions, open magnetic field lines
(connected at one end to Earth’s global field and at the other
end to the passing interplanetary magnetic field) allow charged
particles to travel along field lines to much lower altitudes than
the theoretical pressure balance obstacle would allow. This
charged particle deposition results in aurorae and the heating
of Earth’s ionosphere; atmospheric neutrals ionized near the
polar cusps can also escape along open field lines. Similar con-
ditions probably exist at Mars, though open field lines at Mars
should not be likely predominantly at high latitudes but instead
near locations where crustal magnetic fields are radial with re-
spect to the planetary surface .Mitchell et al.[2001] reported
evidence for open field lines on the Martian nightside. Here
we present the first reported evidence of open magnetic field
lines on the Martian dayside. Open field lines on the Martian
dayside are associated with perturbations in the magnetic field.
These direction and magnitude of these perturbations may be
correlated with the solar wind magnetic field, or may result
from whistler waves caused by solar wind electrons moving
along the field lines. Regions of open field provide potential
“escape hatches” in the shield formed by crustal sources for
access of solar wind electrons to low altitudes and escaping at-
mospheric charged particles. The magnitude of the reduction
in escape rates calculated above will not be as large due to the
presence of open field lines.

Magnetic Field Topology: A substantial portion of the
present-day atmospheric escape to space at Mars is related
to the motion of charged particles near Mars. The path that
charged particles follow is heavily influenced by the configu-
ration of magnetic fields near Mars. For this reason it is very
important to understand the topology of the martian magnetic
environment. Observations from MGS MAG provide vital
clues about Martian magnetic topology, and can be used to
constrain computer models of the global magnetic environ-
ment. Models of the crustal magnetic field are just now being
incorporated into models for the solar wind interaction [Ma
et al., 2002;Brecht et al., 2001]. We will present comparisons
of MAG observations to a number of different magnetic field
models at Mars, including gas dynamic and MHD models for
the solar wind interaction with and without crustal sources.
These comparisons give insight into which physical models
most accurately describe field topology at Mars.

Loss over Martian History: Finally, we will discuss
how the presence of crustal sources affects escape to space
over Martian history. If crustal sources existed over the en-
tire planet, and have gradually been erased by impacts and
resurfacing events over Martian history, then solar wind mech-
anisms may have been largely prevented for a long period of
time after the dynamo turned off [Jakosky and Phillips, 2001].
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Figure 1: Image of the theoretical Martian solar wind obstacle
as viewed and illuminated from the direction of the Sun. The
subsolar longitude is180◦E, andLs = 0. The solar wind
dynamic pressure is “typical” (5 × 10−9dyne cm−2). The
image is 5000 km on a side, and is taken fromBrain [2002].

Further, the strength of magnetic sources currently observed
in the Martian crust could have been much higher in the past;
the magnetization of individual rock grains has an associated
relaxation time whose log is proportional to the ratio of the vol-
ume of the grains and their temperature. Relaxation time varies
widely with material, grain size, and temperature [Langel and
Hinze, 1998]. For example, 100 nm titanomagnetite grains at
100◦C have a relaxation time of 300 Gy (see pp 254-5 ofLan-
gel and Hinze[1998]). Decreasing the grain size to 850 nm
changes the relaxation time to 300 million years. Therefore,
determination of the magnetized material that crustal sources
comprise, as well as their depth and grain size will enable
estimates of the strength of these crustal sources over Mar-
tian history. There is likely a mix of grain sizes within each
magnetized region of the Martian crust; grains smaller than a

critical size will have magnetically reoriented since the forma-
tion of each crustal source over 3 billion years ago, leaving
the largest grains as the carriers of magnetization in the sub-
surface. If crustal sources were much stronger in the past and
occurred over a large fraction of the Martian subsurface then
these sources would have acted as an effective global magne-
tosphere, preventing access of the solar wind to the Martian
atmosphere.
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MARS AS THE PARENT BODY FOR THE CI CARBONACEOUS CHONDRITES: CONFIRMATION  OF EARLY 
MARS BIOLOGY. J.E. Brandenburg,  Florida Space Institute/University of Central Florida,MS:FSI KSC FL 32899 jbran-
den@mail.ucf.edu 
 
Introduction:The CI are ancient (4.6Gyr) hydrated clays 
with olivine and pyroxene grains imbedded in them and no 
evidence of hypervelocity impacts or chondrules. Based on 
isotopic and other geochemical data the CI appear to share 
many features with MMs (Martian Metorites) [1, 2] and 
have been considered as candidate Martian sediments [3]. 
If they are Martian they represent portions of the Noachian 
surface envionment, and being rich in organic matter, they 
suggest the Noachain was a living environment.   
New Data: Isotopic data on MM hydrated materials has 
only recently been analyzed. A gap in isotopes between 
hydrated materials from CI’s and a MM anhydrous rock 
was seen earlier and thought significant [3]. Now, however, 
it is seen that the water on Mars was not in equilibrium 
with the lithosphere and so hydrated materials have a 
higher ∆O17 reflecting that of the Martian hydrosphere [4]. 
The net result is comparison of CI and MM newly obtained 
hydrated material oxygen isotopes [4] now shows a good 
match and CI anhydrous and MM anhydrous now also 
show good correlations.  CI and MM hydrated materials, in 
particular, are essentially indistinguishable. (see Figure 1)   
The idea of CI having an origin on Mars is not new, being 
actively considered  by the Viking lander XRF experiment 
team, when they noted that a 50-50 CI and tholeitic basalt 
mixture gave a very good match to Viking landing site soil 
composition [5] .  
Implications: If the CI s are Martian they would represent  
samples of the Southern Martian Highlands Noachian 
regolith due to their 4.6 Gyr age.  Implications of a 
possible Martian origin of CIs will be discussed, most 
importantly the fact that if the CIs are Martian, then the 
surface of Noachian Mars was warm, wet, and rich in 
organic matter. Since these samples are Martian, are the 
same age as ALH84001, and are rich in organic matter, and 
microfossils are reported in them, it would appear that the 
discovery of Mars biology by McKay and company is 
completely supported. 
 Such a discovery would mean that Mars was a living 
planet and began a path of planetary evolution in a very 
similar way to Earth. In particular the property of life to 
modify its own environments so as   to make them  more  
friendly to life would have begun operation on Mars as it 
did on Earth.  Thus, no model of Mars geo-chemical 
evolution that does not consider biological factors such as 
photosynthesis and an oxygen atmosphere may be 
considered complete. 

In addition, the early development of life on Mars, as well 
as on Earth, raises immediately the possibility that life 
predated both planets and was seeded from preexisting 
spores in space. Thus “Panspermia” may become the best 
explanation for the origin of life on Earth and will mean 
that life is common elsewhere in the Cosmos. 
 
 
 

 
 
Figure 1. A graph of ratios of oxygen isotopes for 
Martian and CI meteorite materials. Note that the 
anhydrous materials from each , as well as the hydrated 
materials form overlaying distributions and are thus 
indistinguishable. 
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THE NEW MARS SYNTHESIS : A NEW CONCEPT OF MARS GEO-CHEMICAL HISTORY.  
 
.J.E. Brandenburg ,  Florida Space Institute , Kenndy Space Center Florida 32899, MS: FSI (jbranden@mail.ucf.edu  

 
Introduction:  The New Mars Synthesis 
 
Mars is a planet of paradoxes and evidence for  massive 
change: parts of its surface are primordial, looking like the 
lunar highlands but parts of its surface are almost terrestrial 
in their newness, it has evidence of much surface water in 
the past but little today,  it has a red  surface, indicating high 
oxidation state in its soil and exposed sediments, but it has 
very little  oxygen today, its average surface age appears old, 
but the meteorites it yields are overwhelmingly young.  
However, in science, to encounter a paradox is sign that 
one’s knowledge has outrun one’s understanding , and this 
means that a new level of understanding  is possible. 
 
Our concept  of Mars has evolved with our body of data.  In 
the days of telescopic observation  we had only two models 
for major astronomical bodies, one was Earth, and the other 
was the Moon, the only two bodies we knew well. This made 
our concepts of planetary bodies  rather bipolar. Since 
through a telescope Mars looked more Earthlike than Lunar  
it was natural that people would assume it was the abode of 
vast amounts of life. This became  the Lowellian Model of 
Mars  with its canals. However, with the first Mariner mis-
sion the Mars-as-Earth model was shattered. Mars was re-
vealed to have  many craters like the Moon, it had a thin 
atmosphere, cold surface conditions, no detectable magnetic 
field and no active volcanism, so a new synthesis emerged:  
Mars was Lunar. Under this model,  Mars died early geo-
logically, never held life, never had  liquid water.  The Lunar 
Mars Synthesis  was an advance over Lowell but it was also 
crude approximation. With the epic  Mariner 9 and Viking 
Missions, a vast body of new data was gathered and it be-
came apparent that Mars was not Lunar and not Earthlike , it 
was instead a planet that was unique in character: Mars was a 
puzzle.  
 
It is now apparent that Mars began in similar way as Earth 
and both planets then evolved along a similar track for some 
period. Both accreted similarly, both formed solid surfaces 
with much volcanism, and both then supported surface envi-
ronments with large amounts of liquid water. Then, at some 
point,  the paths of Mars and Earth’s evolution diverged, so 
that their present surface environments are much different.  
One major question is the length of time Mars and Earth 
shared similar surface conditions , both defined by the exis-
tence of liquid water.  It is a consensus  that Mars had  liquid 
water until  at least 4.0  Billion Years ago, in the Early Noa-
chian epoch , and perhaps even a paleo-ocean on the North-
ern plains [1,2,3].  This was born out by the Mars meteorites 
, almost all of which show signs of exposure to liquid water. 
However, there is a serious problem with this Noachian con-
sensus and these pieces of data: the northern plains are much 
younger than 4.0Billion years and so are almost all  the me-
teorites. A New Mars Synthesis is clearly necessary.  
 

 
The New Mars Synthesis (NMS)[4] , drawn from the rich 
treasure trove of orbiter and  lander data, the ever increasing 
number of Mars Meteorites and a better understanding of 
Mars analogous environments on Earth,  is basically this:  
Mars and Earth did not strongly diverge from their similar 
paths  4.0 Billion years ago, in the Early Noachian, they 
diverged much more recently in geologic time, perhaps as 
recently as the Early Amazonian. During this period of paral-
lel evolution,  Mars and Earth had similar surface conditions 
in many basic ways. The NMS assumes Mars held  biology 
form early on ,has been  geologically active throughout its 
history,   that  it had a northern paleo-ocean , that it has high, 
approximately, 4xLunar , cratering rates[5,6] and that its 
climate changed recently in geologic time from being basi-
cally terrestrial to its present conditions. In the  remainder of 
this abstract,  the basic evidences supporting the NMS and 
models for its functioning planetary systems will be dis-
cussed.   
 
 
 The Paleo-Ocean of Mars 
The chief determiner of the surface conditions of Paleo-Mars 
, as opposed to the Modern Mars,   was the existence of the 
Northern paleo-ocean.  This ocean existed in liquid form 
until probably the Early Amazonian, as evidenced by the 
nearly identical elevation of the northern plain highlands 
boundary near the 6mBar  zero-kilometer elevation line (see 
Figure 1) and the contemporary water channels that appar-
ently fed into it. Basically, the paleo-ocean is on the wrong 
side of the Mars dichotomy - the young side, for it to support 
an early end to the epoch of liquid water on Mars.  The pale-
ocean of  Mars, first proposed by the author , has the pro-
posed name “Malacandrian Ocean. ”   The ocean would have 
had  a depth of several kilometers , covered ¼ of the planet 
and contained an approximately 400 meter deep planetary 
wide layer of water.   It would have played an important role 
as a thermal and atmospheric buffer  to support and stabilize  
the Martian climate system.  The paleo-ocean’s top one me-
ter having the approximately the same thermal capacity as 
the entire atmosphere and holding in solution large amounts 
of carbon dioxide.  
 
 
 A Heavy Mars Greenhouse 
 In order to support a long lived pale-ocean and water chan-
neling,  Mars required a long lived CO2 green house of ap-
proximately one atmosphere.  Their are two problems that 
must be overcome for such a model. 1-  Some form of CO2 
recycling must occur , otherwise the atmosphere-greenhouse, 
catalyzed by the warm temperatures and liquid water envi-
ronment it creates will combine with the silicate rocks and 
form carbonates and large amounts of free quartz. 2 -  The 
Mars greenhouse must end catastrophically  after a long 
peiod of operation.  Since liquid water apparently flowed so 
long in a terrestrial manner and neither large amounts of 
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surface carbonate or silica have been found, some method of 
recycling is required. The simplest is that of periodic vol-
canic flooding of large areas of Mars and some method of 
subduction of parts of Martian crust to allow Martian internal 
heat to release the CO2 from the carbonates. The discovery 
of apparent Andesite, a reprocessed  lava rock, gives weight 
to this possibility for CO2 recycling.  However, a more pow-
erful geo-chemical engine for CO2 recycling was also appar-
ently present on Mars : biology.  
 
Biology , using photosynthesis to create organic acids , as 
are produced in terrestrial lichen , could both recycle CO2 
but also, and probably more importantly, form a protective 
varnish on the rocks of Mars to prevent carbonate formation. 
Similar action in anaerobic ocean sediments would have 
returned CO2 to the ocean. Such photosynthesis is evidenced 
by the highly oxidized surface of Mars, including exposed 
strata in the Vallis Marinaris,  and in the groundwater to 
which the Mars Meteorites were exposed before being lofted 
to earth.  The role of Martian life would have beensimilar to 
that on Earth, to act symbiotically to create and sustain envi-
ronments on Mars suitable for even more life, a sort of Mar-
tian Gaia.  
However, the Martian dependence on a heavy CO2 green-
house also allows the possibility for catastrophic climate 
change because of the bi-stable nature of such a greenhouse 
on Mars , as was first noted  by Sagan [7].  
 
 The Fall of Mars: The Collapse of the Paleo-Climate 
System 
As evidenced by the longevity of the paleo-ocean , Mars 
climate system ran smoothly for a long geologic period, 
apparently until the Early Amazonian, then, in the NMS,  a 
catastrophe occurred.  A heavy CO2 greenhouse on Mars is 
unstable due to the fact that temperatures on Mars can easily 
dip so low that CO2 can condense on the planets surface. 
This means Paleo-Mars had two stable atmospheric states, 
state one with a warm, dense atmosphere trapping lots of 
heat, and state two with a cold, thin atmosphere with most of 
the atmosphere frozen on its surface. The transition between 
the two atmospheric states could require merely a large tem-
porary thermal excursion. For a Mars with a heavy green-
house, even with a large ocean to act as a buffer, catastrophe 
was just one large chilling event away.   A large chilling 
event  would push the temperature at the poles below the 
point where dry ice would form, leading to collapse of the 
atmosphere onto the poles , loss of greenhouse effect,  thus 
leading to more cooling.  The ocean surface would freeze, 
decoupling it from the atmosphere and leading to even more 
rapid decline in temperature and pressure. 
 
This catastrophe may have occurred in the Early Amazonian 
epoch. Based on the higher estimated Martian cratering rate 
of approximately 4xLunar [5,6], required to solve the”Age 
Paradox” of Martian Meteorites, this may have occurred as 
recently as 0.5 billion years ago.  If true this would mean 4.0 
Billion years of Earthlike environment on Mars, before the 
collapse occurred.  
 

Two mechanisms  for such a catastrophic chilling event on 
Mars are readily available. One is a large volcanic eruption 
in the Tharsis region , leading to global dust loading of the 
atmosphere. The other is the impact of a large asteroid , lead-
ing to a Martian Chixulube. There is evidence that the forma-
tion of the Lyot impact basin in the Early Amazonian , a two 
hundred kilometer outer diameter, double ring  crater may 
have triggered the collapse of  Mars climate[8] (see Figure 
1).  Both a drop in fluvial activity and increase in hydrogen 
fractionation coincide approximately with this event (see 
Figure 2). The atmosphere and ocean, having frozen follow-
ing such an cooling event, would have created an ice-mound 
at the poles and been subducted by basal melting.  This sig-
nature of catastrophic collapse of Mars climate, rather than 
slow loss of atmosphere,  can lead to predictions for what we 
might find at Mars.  
 
Summary and Predictions of the New Mars Synthesis 
 
The puzzle of Mars past may be closer to solution with this 
new synthesis. However, this synthesis is destined to be re-
placed by fuller understanding in the future.  Some predic-
tions from the NMS that can be made and used as tests for its 
validity are listed below. 
 
One- The catastrophic collapse of Mars climate would lead 
to a large ice mound in the North polar region, trapping not 
only the water but large amounts of CO2.  Basal melting of 
the water ice would lead to forcing of carbonated water into 
the regolith.  Large  carbonate beds should thus be found at 
the poles as well as large deposits is of silica.  
 
Two- The redness of Mars will be found to be due to Earth-
like weathering of lavas in an oxygen and CO2  rich atmos-
phere. Evidence for a massive photosynthetic biosphere will 
be found on Mars such as coal and petroleum deposits. 
 
Three- evidence for evolved biology on Mars will be found , 
given the longevity of the biosphere. These would include, 
by earth analogy, perhaps considerable advances over the 
primitive uni-cellular microbes associated with early plane-
tary environments.    
 
The most basic prediction of the NMS is that Mars will turn 
out to be an interesting place and  full of surprises. Carl Sa-
gan,  in response to concerns over whether Mars was going 
to be boring, once said  ‘ don’t worry, Mars will not disap-
point us’.  This is certainly true, for after over a thousand 
years of human longing for more information about Mars , 
and almost half a century of space probe visits, the tale of 
Mars is not near to being told.  
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Figure 1. The northern plains-highland boundary at Mars, the 
possible paleo-ocean shoreline. Note also the Lyot impact 
basin  and lines of constant elevation.  
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Figure 2. Resurfacing rates rates due to various processes 
according to Tanaka. Fluvial and Peri-glacial rates drop by a 
factor of thirty in the Early Amazonian and D/H hydrogen 
fractionation, shown on the right hand scale for individual 
meteorites,  increases.   
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Introduction:  The peak electron density in the 

ionosphere of Mars and the neutral atmosphere scale-
height are proportional to the solar radiation flux.  The 
data of the radio occultation experiments onboard 
Mariner 9, Viking 1 and 2 have already been analyzed 
to derive the relationship between the neutral atmos-
phere scale-height and F10.7 flux which was used as a 
proxy of the solar UV radiation. The data points from 
Mariner 9, Viking 1 and 2 missions are scattered from 
–40o to +38o in latitude and rather non-uniformly dis-
tributed in longitude. The experiment with the Mars 
Global Surveyor  (MGS) Accelerometer has revealed 
significant diurnal variations and latitudinal and longi-
tudinal variations in the neutral atmosphere density and 
scale-height. The effect of the solar radiation can be 
more confidently established if the effects of diurnal, 
latitudinal and longitudinal variations are minimized. 
The 523 electron density profiles derived from the data 
of the MGS Radio Science experiment, which were 
collected during the mapping phase of the mission, are 
located in the narrow latitude interval from +67o to 
+77o. These profiles were also obtained within a nar-
row interval of local time and are practically uniformly 
distributed in longitude.  The peak electron density and 
the effective scale-height of the neutral atmosphere 
density in the vicinity of the ionization peak have been 
derived for each of the profiles studied. The daily and 
running 81-day averages of advanced E10.7 index, 
which are derived from the solar radiation fluxes meas-
ured near the Earth and then re-calculated accounting 
for the position of Mars and the Earth, have been used 
as a proxy of the EUV radiation flux at Mars. The daily 
averages of the adjusted peak electron density and ef-
fective scale-height have been compared with the daily 
and running 81-day averages of E10.7 index.  The ef-
fects of the solar activity derived from of the MGS data 
are compared with the effects found in the Mariner 9, 
Viking 1 and 2 data.  
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Introduction:  

 Many field studies have been conducted that 
document the morphology of ventifacts and the direc-
tionality of their features relative to current and past 
wind regimes.  Field plots [1,2] and wind tunnel stud-
ies [3] have identified heights and particle concentra-
tions above the surface where maximum abrasion oc-
curs [6].  However, as of yet, the rates and detailed 
methods by which rocks abrade and evolve into venti-
facts are poorly documented and understood.  This 
abstract addresses this gap in knowledge by interpret-
ing controlled laboratory and field analog studies.  We 
begin with an overview of the methods by which the 
wind tunnel experiments and field studies were done, 
followed by how the resulting data were analyzed and 
interpreted.  A presentation of the results comes next, 
after which the implications for rock abrasion and ven-
tifact formation on Earth and Mars are discussed.  We 
show that initial rock shape and texture play important 
roles in determining both rate and style of abrasion, 
with steep-sided, rough rocks eroding the fastest but 
with intermediate-angled faces exhibiting the greatest 
shape change.  Most rocks tend to evolve toward an 
equilibrium shape whose form is poorly conducive to 
further abrasion.  Most rocks on Mars and in terrestrial 
ventifact localities never reach this mature state, with 
erosion ceasing or slowing down due to exhaustion of 
the sand supply and other factors. 

 
Methods 
Wind Tunnel Experiments 
 To understand better the fundamental factors 
controlling rock abrasion and ventifact morphology, a 
series of experiments were conducted in which targets 
were abraded under controlled conditions.  All ex-
periments used the Mars Surface Wind Tunnel 
(MARSWIT) run by Arizona State University’s De-
partment of Geological Sciences and based at NASA’s 
Ames Research Center, Moffett Field, CA.  

The shapes of the abrasion targets are de-
signed to assess morphological changes as a function 
of geometry.  The front face of each target is angled at 
either 15, 30, 45, 60, or 90°, with three different inci-
dence angles (angle relative to wind as seen from 
above) per model (0°, 45°, and 60°) .   

Not including calibration runs and tests, 96 
experiments at Earth pressure and 6 at Mars pressure 
were completed.  The Earth experiments were run at 
freestream velocities of 11 m s-1, typical speeds at 
which particles are saltated in the terrestrial environ-
ment.  Mars runs were at 35 m s-1, predicted to induce 
saltation in the Martian environment [3,4]. All experi-

ments used sand with a mean size of 550 µm (30 
mesh). During each experiment the sand flux, mass 
loss, and morphological changes of the targets were 
recorded.   In most cases, targets were abraded in three 
runs, with the weight and dimensions noted before and 
after each experiment. 
 
Field Measurements 

As a ground truth calibration, 15 sandstone 
simulant  and foam targets of various shapes and resis-
tances were placed at a ventifact site in the Little 
Cowhole Mountains, Mojave Desert, CA from May 17 
to November 3, 2002. This location is east of Soda 
Lake and north of the Devil's Playground and Kelso 
Dunes.    The targets varied in resistance from soft 
gray foam, intermediate sandstone simulant, and resis-
tant yellow foam. The targets were weighed and their 
dimensions measured before and after placement and a 
weather station at the site recorded average and maxi-
mum instantaneous wind speeds and directions every 
hour.  The targets were mounted on heavy steel plates 
and positioned in height and location near abraded 
rocks.  The sandstone targets were adhered to the 
plates with tacks and the foam targets were secured 
with strapping tape.  Integrated together, these data 
related mass loss and changes in morphological pa-
rameters to time, sand flux, type of target, and wind 
regime.  The orientation of flutes on natural ventifacts 
at the locality, measured in earlier field work by co-
author Laity and T. Boyle, were integrated with these 
results.  As will be shown, these data were compared 
to the wind tunnel results to yield important insights 
into abrasion and ventifact formation on Earth and 
Mars. 
 The weather station at the Little Cowhole 
Mountains is located on the crest of the hill, at the 
highest elevation in the study area.  It is situated so as 
to receive winds blowing from any direction. The 
anemometers are mounted 2 m above the surface.  Sal-
tation is observed when the main weather station regis-
ters a wind speed of 10 m s-1, which is close to the 11 
m s-1 wind speed used in the 1 bar wind tunnel test.  
 
Results 
 Wind Tunnel Experiments 

 Morphological Changes 
Abrasion of sandstone simulant targets in the 

wind tunnel exhibited several interesting aspects that 
are directly relevant to understanding rock abrasion.  
Without exception, the targets became rougher as 
abrasion progressed .  In many cases, subtle fluting 
occurred in the final stages of abrasion of the sand-
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stone simulants for faces subparallel to the wind.  The 
fluting was commonly tied to large matrix grains or 
resistant nodules located upstream within the target.  
Similarly, reduced windflow in the lee of obstacles 
resulted in differential erosion on the foam targets The 
foam targets had mm-sized holes in their front faces 
prior to abrasion, which subsequently enlarged into 
pits about 5 mm in diameter.  In two sandstone ex-
periments, pits and flutes were gauged out of the tar-
gets prior to abrasion.  These enlarged both in width 
and length with time. Visual evidence of slope retreat, 
in which the upper part of the target eroded back far-
ther than the lower part, forming a basal sill, was obvi-
ous in many cases.   

 
Mass Loss 
Some of the most important morphological 

changes are tracked and quantified by plotting the di-
mensional changes and their associations with time. 
Plotting mass loss from the sandstone simulant targets 
vs. sand mass from the hopper shows that mass loss is 
proportional to facet angle, with higher angled surfaces 
exhibiting both a greater amount of abrasion per 
amount of sand and a steeper rate (slope) of abrasion.  
In the limited number of cases where pre-pitted sam-
ples were used, they showed the greatest degree of 
abrasion.   The amount of mass loss generally in-
creased with time, with 65% of experiments having 
targets losing more mass in a given run than in the 
previous run. 

 
Morphometric Changes 
 
The integrated observations are: 1) The tar-

gets whose shape is most perpendicular to the wind 
abrade the most and at the fastest rate, 2) From what 
can be determined within experimental error, there is a 
tendency for shallowing of target front faces of inter-
mediate slope angle (30-60°), with very steep (90°) 
and very shallow (15°) targets more or less maintain-
ing their shape. 

 
Field Experiments 

Morphological Changes 
 Upon returning to the field site after 

six months in November, 2002, 8 of the 15 original 
targets could not be examined because they had be-
come buried by sand, attesting to the dynamic nature 
of the aeolian environment.  Of the remaining 7 tar-
gets, the mixture of strengths and shapes in the field 
site provide assessment of natural wind erosion over a 
six month period.  Not surprisingly, erosion was most 
significant on the soft gray foam targets and least no-
ticeable on the resistant yellow foam.  Maximum ero-
sion on all targets occurred on the south side, as an-
ticipated after a summer season.  Some abrasion also 
occurred on the north slopes of targets at Stations D2 
and H, located on a topographic saddle, as opposed to 
Station C, located on a south-facing slope.  Flutes and 

grooves (lineations), oriented nearly parallel to target 
strike (i.e., close to N-S), developed on the sandstone 
targets and the 45° and 60° gray foam targets. The 90° 
gray foam and sandstone targets developed a thin sill 
of non-eroded material at their base.   
 
 Mass Loss and Morphometric Change 
 Despite the complexities of data interpreta-
tion, several consistent observations emerge: 1) The 
softest targets erode the most, 2) The steepest of the 
sandstone and gray foam targets exhibit the greatest 
angle change, with 90° targets changing their angle 
about 4x as much as 45° targets.  Targets seem to 
evolve toward angle of ~30° given enough time. 3) 
The sandstone targets became rougher, and  4) The 90° 
targets formed basal sills. 

 
Comparison to Wind and Ventifact Data 
Analyzing data from our weather stations for 

the study period of May-November 2002 shows typi-
cal summer weather patterns.  A plot of winds greater 
than 5 m/s exhibits a predominance of southeasterly 
flow, characteristic of the summer season.  By con-
trast, the wind rose plot of winds greater than 10 m/s 
illustrates  a strong bi-directional distribution (NNW-
SSE).  These observations mirror those compiled from 
1993-1998 by co-author Laity and T. Boyle.  The ori-
entation of flutes on the ventifacts also shows a bidi-
rectional character, indicating that higher velocity 
winds are better correlated to abrasion than the inte-
grated energy from lower velocity flow over time. 
Ventifacts along the topographic ridge are abraded on 
both their north- and south-facing sides, the two faces 
separated by a sharp keel.  Rocks on the lower slopes 
show abrasion only on one face.  Local microtopogra-
phy, such as notches or passes, acts to funnel wind 
flow, with ventifact grooves paralleling the notch axis.  

 
Discussion 
 Previous studies have addressed the 
importance of rock shape, texture, hardness (or resis-
tance to abrasion), wind regime, and local environment 
on rock abrasion and ventifact formation.  In this sec-
tion, we integrate the laboratory and field investiga-
tions, folding in these previous and other ongoing 
studies, to provide quantitative assessments of many of 
these factors as well as an improved understanding of 
their inter-relationships and relative importance on 
Earth and Mars.  Many of these factors are complexly 
linked and exert positive or negative feedback effects 
on each other.  For simplicity, we first address each 
factor individually before folding them together into a 
coherent model of rock abrasion and ventifact forma-
tion. 
 
 Initial rock shape 
 Initial rock shape determines the rate of mass 
loss, the rate and style of morphologic change, and the 
rate and style of textural change.  Steep faces erode 
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faster than more shallow faces. Previous experiments 
in which the susceptibility to abrasion (Sa) was meas-
ured [6] found that crystalline igneous rocks (granite, 
rhyolite, and basalt) had Sa values proportional to im-
pact angle in the range of 30° to 90°, in agreement 
with our experiments.  However, Greeley et al.’s re-
sults also show an increase in susceptibility below 30°, 
which we have not observed.  They attribute this to an 
effective cutting and gauging mechanism by shallow 
impacting sand grains.  One explanation for the dis-
crepancy between our and Greeley et al.’s results is 
that the wind tunnel experiments better simulate the 
likely grain motions within a sand cloud and their in-
teraction with a target of a given angle.  Saltating sand 
grains have trajectory angle ranges of approximately 
±10-20° [3,8], with the negative values referring to the 
angle as the grain leaves the surface and the positive 
values the angle as the grain descends.  Particles on the 
ascending part of the saltation path, accounting for 
50% of the sand cloud, will either not hit or at most 
interact tangentially with any slopes in the 15-20° 
range.  It is therefore likely that, when sand cloud mo-
tions are considered and our experimental results 
folded in, that steeper faces erode more rapidly than 
shallow faces. 
 We also observe that intermediate-slopped 
faces tend to exhibit the greatest angle change. As ob-
served by [6], some rock abrasion occurs by cutting 
and gauging of material at shallow impact angles.  In a 
saltation cloud, the upper part of the cloud contains the 
flattest trajectories.  These intersect the upper part of 
rock surfaces at the expense of lower parts, where in-
tersecting trajectories are steeper.  If the rock front 
face is oriented at an oblique angle, cutting and gaug-
ing occurs, resulting in retreat of the upper part of the 
face and shallowing of the face angle.  Very steep 
faces, such as the 90° targets in the abrasion experi-
ments, abrade more or less evenly because the impact 
angles are all in the 70 to 90° range.  Grain trajectories 
intersecting a shallow-sloped rock have impact angles 
that are low regardless of whether the face is in the 
upper or lower part of the saltation cloud, such that 
cutting and gauging occurs across the whole slope.  In 
other words, the intermediate angled faces cause the 
impacting particles to have greater erosion on the up-
per vs. the lower part of the face, resulting in a flatten-
ing of slope angle with time.  The process just de-
scribed also influences the texture and textural change 
with time.  Steep faces to the wind become pitted, 
whereas oblique and shallow faces tend to also get 
grooves and pits which enlarge with time.  As shown 
by our field trials, all of these factors are ameliorated 
by the capriciousness of nature, which can cause burial 
of rocks, changes in wind direction, and other factors 
not seen in the wind tunnel studies. 
 
 Rock Texture 
 The wind tunnel studies provide two forms of 
evidence that rock texture influences the style and rate 

of abrasion.  First, as the targets are abraded, they be-
come rougher and, more often than not, the rate of 
abrasion (mass loss) increases concomitantly.  Second, 
targets with pre-existing pits loose more mass than 
non-pitted samples.  The ability of pits to serve as nu-
cleation sites has been noted by previous workers 
[4,9], but never seen experimentally.  The ability for 
rock texture to influence mass loss is probably due to 
both the increase in surface area as the face becomes 
pitted and possibly recirculation of sand in turbulent 
eddies within pits. 
 
 Rock Hardness 
 It is not surprising that hard  rocks are less 
susceptible to abrasion than soft rocks.  Our work does 
not add to this obvious fact.  However, for a given 
hardness (which will commonly translate into rock 
type), we show that texture and shape are driving fac-
tors in determining the rate and form of abrasion.  
Softer rocks, or hard rocks with soft regions, such as 
conglomerates [10], will be more likely to become 
rough and pitted than homogeneous hard rocks, such 
that the rate of abrasion is probably greater than pre-
dicted on the basis of hardness alone. 
 
 Wind Regime 
 Not surprisingly, rocks, and our wind tunnel 
and field targets, abrade most heavily on windward 
sides.  However, average wind directions regardless of 
velocity correlate poorly to flute trends, with most 
directional ventifact features formed from high veloc-
ity winds.  This is due to two factors: 1) The kinetic 
energy of saltating particles varies with the square of 
the velocity, such that mass losses are non-linearly 
correlated with impact velocity.  2) At speeds below 5-
10 m/s, depending on the surface roughness, which 
determines saltation friction speed, particle saltation is 
not initiated, so there is no sand to induce rock abra-
sion.  Therefore, determining ancient climatic regimes 
on Earth and Mars based on ventifact flute and 
grooves orientations reveals little about average wind 
direction unless the average velocities are great 
enough to induce saltation.  Generally this is not the 
case, so that flutes correlate to the highest winds in a 
given climatic regime. 
 
 Local Surface Environment 
  The final factor is local environment, itself 
composed of a complex set of inter-related parameters 
that cannot be easily simulated in the wind tunnel.  
Field experience shows that the mobile surface layer of 
sand is as much an abrader of rocks as it is a shield for 
further abrasion.  Winds capable of saltating sand onto 
near-surface rocks (in the 10s of centimeters height 
range)  in energy-transferring collisions also act to 
move it en masse to cover these rocks.  Near surface 
rocks on Earth are commonly completely buried by 
sand within a few months.  This process not only 
shields the buried parts of rocks, but also alters the 

Sixth International Conference on Mars (2003) 3235.pdf



local aerodynamic roughness and the height of ex-
posed rocks above the surface, thereby changing the 
abrasion as a function of position on the rock.  In addi-
tion, local topography acts to funnel and alter wind 
directions, thereby influencing flute and groove orien-
tations.   This is exemplified by our field studies, 
which show abrasion on both sides of targets where 
they are located on a topographic saddle.  Finally, the 
positions of rocks relative to one another, and their 
shape, and height, influence how and where sand 
grains saltate.  For example, very rough surfaces con-
taining many rocks cause saltating grains to bounce 
high into the air, thereby increasing the grain velocity.  
At the same time, a high rock abundance limits the 
sand supply, resulting in less abrasion.  The combined 
effect of these and other factors is difficult to model 
and is imprinted upon the well known factors already 
discussed . 
 
Summary of Integrated Effects and Implications for 
Understanding Rock Abrasion on Mars 
 Prior to any wind modification, a rock’s 
shape and texture is obviously the result of primary 
and other types of modification processes.  Rocks that 
are steep sided and rough are more apt to loose mass 
from abrasion than flatter and smoother rocks.  Inter-
mediate sloped rocks with rough surfaces will tend to 
become fluted and grooved, whereas steep-sided rocks 
should become more pitted, with the size of pre-
existing pits enlarging with time.  Slope retreat and 
basal sill formation should be common.  All of these 
features are indeed seen on terrestrial and Martian ven-
tifacts [11-13].  Erosion, grooving, and slope retreat 
most aptly proceed on faces facing the direction of 
high speed winds, not necessarily the direction of av-
erage winds, unless those winds significantly exceed 
those necessary to induce saltation.  It is expected that 
over time rocks with initially inclines windward facets 
will evolve to slopes of approximately 30° or so, with 
shallower and steeper rocks more or less maintaining 
their shapes.  Many rocks will never reach this state 
because abrasion ceases due to the exhausting of the 
sand supply, rock burial, or changing climatic condi-
tions.   

The field and laboratory studies give insight 
into not only the factors controlling rock abrasion and 
ventifact formation on Earth, but also on Mars.  Al-
though our wind tunnel studies are still ongoing, com-
bining the limited low pressure runs already completed 
with the terrestrial results gives insight into rock abra-
sion processes on Mars.  Fundamentally, there should 
be little difference between the factors controlling rock 
abrasion on the two planets.  The main differences in 
the aeolian environment on Mars compared to Earth is 
the lower atmospheric pressure and gravity, which 
together result in higher saltation friction speeds, 
longer trajectory paths, and flatter trajectory angles 
[3].  This first factor results in more rapid abrasion on 
Mars compared to Earth, as verified in our experiments 

and earlier work by [7].  The second factor probably 
makes little difference.  The third factor results in a 
rock face on Mars being subjected to a greater fraction 
of low angle impacts.  This should cause greater dif-
ferences between the abrasion of steep faces versus 
shallow faces compared to the difference on Earth.  
Another major distinction between Earth and Mars is 
the weather and climate.  Desert regions on Earth 
commonly have several saltation events per year.  On 
Mars, freestream wind speeds sufficient to induce sal-
tation, probably about 30 m s-1,  are rarely reached 
[6,14,15] consistent with the generally old age inferred 
for surface modification [16] and the lack of large 
scale dune motion seen in high resolution images [17-
19].   This probably means that the ventifacts seen on 
Mars either formed gradually over time in widely 
separated abrasion episodes or date from a previous 
era when winds were stronger and abrasion more 
common.  Finally, the Viking and Pathfinder sites 
show that pits on rocks, possibly volcanic vesicles,  are 
more common on Mars than on Earth, indicating that 
abrasion should proceed faster for Martian rocks under 
equivalent conditions.  Future wind tunnel experiments 
at Martian pressures should explore these issues fur-
ther and hopefully answer some of these perplexing 
questions. 
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Introduction:  The next landed missions to Mars, 

such as the planned Mars Science Laboratory and 
ExoMars, will require sample analysis capabilities 
refined well beyond what has been flown to date. A 
key science objective driving this requirement is the 
determination of the carbon inventory of Mars, and 
particularly the detection of organic compounds [1]. 
While the gas chromatograph mass spectrometers 
(GC/MS) on the Viking landers did not detect any in-
digenous organics in near surface fines [2], it is possi-
ble that these measurements were not representative of 
Mars on the whole. That is, those compounds to which 
the GC/MS was sensitive would likely not have sur-
vived the strong oxidative decomposition in the re-
golith at the landing sites in question. The near surface 
fines could very well contain a significant quantity of 
refractory compounds that would not have been vola-
tilized in the sample ovens on Viking [3]. It is also 
possible that volatile organics exist on Mars in sedi-
mentary, subsurface, or polar niches. 

The detection of any organic compounds on Mars 
would be of enormous interest. Certainly the detection 
and careful confirmation of higher molecular weight 
compounds in large numbers would be the most excit-
ing possibility. Such a discovery, particularly in sam-
ples derived from a protected environmental niche, 
could indicate the presence of an extant (though possi-
bly dormant) Martian biosphere. More probable would 
the the near-surface detection of less-complex marker 
organics at relatively lower densities. Such compounds 
could suggest any number of scenarios, including a 
subsurface biosphere, long-extinct life, or an arrested 
pre-biotic chemical process. The intepretation of such 
evidence would require a detailed understanding of the 
geological, geochemical, and atmospheric context in 
which it was found. Moreover, such compounds would 
have to be distinguished from those that may have 
been delivered by meteoritic infall, and even from 
those brought from Earth as spacecraft contaminants. 
The meteoritic component may have survived as re-
fractory degradation products at up to several hundred 
parts per billion by weight (ppbw), depending on gar-
dening depth [3]. Due to their shared oxidation envi-
ronment, the remnants of meteoritic and indigenous 
near-surface marker molecules may be quite similar. 
However, highly-localized “niches” could support 

much more complex, fragile, and probably trace 
biosignatures written into sedimentary rock over a 
strong meteoritic background. In the extinct life sce-
nario, or at least one in which near-surface materials 
do not contain living organisms, such signatures would 
likely range spatially from sub-micron to tens of mi-
crons in diameter, and would likely be strongly affili-
ated with certain mineralogical microenvironments. 

To understand the results of a highly-sensitive in 
situ search for indigenous Martian organics, positive or 
negative, clear contextual data are required. Micro-
scopic imaging, elemental, and mineralogical analyses 
are of high priority in this regard. A broad composi-
tional assay of individual samples, with very low de-
tection limits, would help define the host microenvi-
ronment of any detected organic species, as well as 
further our understanding of the origins of the solid 
samples obtained at the site. Of course, if organics are 
found in a sample, it would be desirable to apply a 
suite of measurements to fully characterize their prop-
erties. These may include measuring their molecular 
weights, their spatial distribution in the sample, their 
carbon isotope ratios, and the degree to which they 
exhibit homochirality. In the absence of organic com-
pounds, the analysis of possible oxidation agents such 
as H2O2 and the detection of any water ice would be 
especially important. In all cases, mineral phases of 
high interest include hydrates, carbonates, nitrates, 
sulfates, and clays, which are indicative of the pre-
sumed milder and wetter Martian surface and atmos-
phere in the past. In addition, a thorough analysis of 
the abundances and isotope ratios of trace atmospheric 
gases will significantly advance our understanding of 
the early environment of Mars, mechanisms of atmos-
pheric loss, and the origin and fate of Martian water. 

Overview of SAM: An effort is underway to de-
velop a complementary set of definitive experimental 
tools that would greatly enhance our understanding of 
the organic and chemical composition of Mars. The 
Sample Analysis at Mars (SAM) suite consists of a 
group of tightly-integrated experiments that would 
analyze samples delivered directly from a coring drill 
or by a facility sample processing and delivery 
(SPAD) mechanism. SAM consists of an advanced 
GC/MS system and a laser desorption mass spectrome-
ter (LDMS). The combined capabilities of these tech-
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niques can address Mars science objectives with much 
improved sensitivity, resolution, and analytical breadth 
over what has been previously possible in situ. The 
GC/MS system analyzes the bulk composition (both 
molecular and isotopic) of solid-phase and atmos-
pheric samples. Solid samples are introduced with a 
highly flexible chemical derivatization/pyrolysis sub-
system (Pyr/GC/MS) that is significantly more capable 
than the mass spectrometers on Viking. The LDMS 
analyzes local elemental and molecular composition in 
solid samples vaporized and ionized with a pulsed la-
ser. As described below, each of these capabilities has 
particular strengths that can achieve key measurement 
objectives at Mars. In addition, the close co-
development of the GC/MS and LDMS along with a 
sample manipulation system enables the the sharing of 
resources, the correlation of results, and the utilization 
of certain approaches that would not be possible with 
separate instruments. For instance, the same samples 
could be analyzed with more than one technique, in-
creasing efficiency and providing cross-checks for 
quantification. There is also the possibility of combin-
ing methods, such as by permitting TOF-MS analyses 
of evolved gas (Pyr/EI-TOF-MS) or GC/MS analyses 
of laser evaporated gas (LD-GC/MS). 

The SAM measurement objectives fall into six 
categories that are aligned with high-priority science 
goals of Mars exploration. These include measuring 
(1) abundances of trace atmospheric species such as 
noble gases and certain small molecules (CH4, H2S, 
etc.); (2) high-precision isotope ratios in key atmos-
pheric species, such as the noble gases, C in CO2, N in 
N2, and D/H in H2O; identities, isotope ratios, and pos-
sible chirality of (3) relatively volatile organics and (4) 
pyrolyzable inorganic species, characteristic of spe-
cific mineralogies, in solid phase samples; (5) identi-
ties of moderate to high mass refractory organics; and 
(6) relative abundances of refractory elements, to trace 
levels, in solid phase samples. The technical ap-
proaches for categories (1) and (2), which involve 
sampling the atmosphere at the outset of Mars surface 
operations, and performing static mass spectrometry 
with a clean system, have been discussed in the con-
text of the Galileo and Cassini missions by Niemann et 
al. [4], Israel et al. [5], and Mahaffy et al. [6]. The 
techniques used for measurement categories (3), (4), 
and portions of (5) have been recently reported by Ca-
bane et al. [7,8] and Rodier et al. [9]. Here we focus 
on aspects of categories (5) and (6) relating to the 
LDMS technique. The LDMS provides an approach to 
sample analysis that is highly complementary to that of 
the Pyr/GC/MS system. LDMS provides spatially local 
composition, compared to the bulk analysis of 
Pyr/GC/MS. LDMS is also biased to the ionization of 

more refractory compounds (elements and organics) 
than is the Pyr/GC/MS system. Ions of relatively vola-
tile organics are not likely to survive laser desorption 
from neat geological surfaces because their formation 
energy is above that needed for dissociation. However, 
more refractory species such as PAHs, kerogens, and 
other classes of hydrocarbons do survive even at high 
mass without excessive fragmentation. 

The local analysis capability arises from the small 
spot size of the focused laser (about 50 microns), and 
is enabled within SAM by the sample manipulation 
system (SMS). The SMS is briefly described here be-
fore descriptions of the LDMS methods for categories 
(5) and (6) are given below. 

Sample Manipulation System (SMS). The SMS en-
ables the laser analysis of any spot on the surface of a 
delivered sample, with a spatial resolution comparable 
to the focal diameter of the laser. An automatic laser 
“raster” of the sample would permit a rough chemical 
map of the sample to be generated. The map would be 
correlated to a full-field microscopic image of the sam-
ple surface recorded with a color CCD imager. In one 
possible SMS positioning scheme, shown in Fig. 1, 
sample cups are brought to the laser analysis position 
in a carousel. By rotating the sample cup on its spindle 
at positions slightly off axis from the laser, the full 
sample surface may be addressed. 

 
Fig. 1  Schematic diagram of a possible arrangement 
of a sample cup relative to the inlet port of the LDMS, 
top view. Any of several hundred points on the few-
mm diameter sample surface may be accessed by the 
laser by rotating and moving the holder. 
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Prototypes of this and other SMS schemes are un-
der development at Honeybee Robotics. In all designs, 
the SMS must be able to permit the mass spectrometric 
analysis of a relatively large number of samples, ob-
tained from various sites and depths over the course of 
Mars surface operations. In the case of the LDMS, an 
unlimited number of samples could be analyzed in 
principle, as the effects of cross contamination that 
might occur during automated sample removal are less 
problematic. Each mechanism, however, must be care-
fully studied and justified within the overall risk port-
folio of the system. A major driver in this regard is the 
requirement for careful insertion of solid samples into 
a vacuum enclosure. The limited scale of vacuum 
pumping available in situ favors the minimization of 
the volume to be maintained at low pressure. This ten-
dency must be balanced by the need to utilize as little 
mass and as few vacuum sealing events as possible to 
assure feasibility and reliability. These considerations 
are being examined within the SAM operational and 
assurance models, and are being tested with prototype 
SMS hardware. 

LDMS Analyses. One of the major goals of Mars 
surface missions will be to compare chemical and min-
eralogical compositions of a range of rocks and fines 
from within the mobility range of the spacecraft. Such 
data can help us understand the internal chemical 
structure and history of Mars, its volcanic activity, and 
its primitive inventory for biochemistry. Of particular 
interest are the absolute and relative abundances of the 
rock-forming elements Na through Ni. Abundances 
down to a few ppm by weight, and ratios such as 
Mg/Si, Mg/(Mg+Fe), Na/Ca, and (Na+K)/Si, may be 
used to differentiate between basaltic and andesitic 
compositions, and among various depositional mecha-
nisms. Laser desorption analyzes these species equally 
well in rocks and fines. When applied to rocks, the 
laser probe also permits the rapid detection, characteri-
zation, and removal of thin surface layers, to access the 
bulk composition beneath. This is critical on Mars, 
where windblown dust has coated rock surfaces. An-
other priority for Mars rocks is the identification and 
spatial interrelationship of mineral grains. The 50 :m 
laser spot size can identify the species within and be-
tween grains, providing a tool that complements mi-
cro-imaging and mineralogy probes in a suite. The 
examination of materials thought to be formed by 
aqueous activity is needed to begin studying microen-
vironments that may have been conducive to life. 
Within these materials, large elemental fractionations 
(e.g., in H, C, N, O, P, and S), as well as trace organic 
compounds (in samples obtained at some depth), 
should be detected and spatially correlated. Particu-

larly significant would be the detection of larger or-
ganics (100-1000 amu and beyond), including various 
aromatic and aliphatic hydrocarbons. Pulsed laser irra-
diation is capable of desorbing many of these species 
from geological samples, and coupling this desorption 
to a TOF-MS may permit their detection down to ex-
tremely low levels. Furthermore, the mass spectrome-
ter does not assume the presence of a particular analyte 
(and search only for that compound): all organic com-
pounds ionized by the laser are sorted by mass and 
recorded. 

The LDMS analyzes elemental and refractory or-
ganic composition on a fine spatial scale (approxi-
mately 0.05 mm resolution) with a focused laser [10-
13]. By combining this information with a co-focused 
sample imager, a chemical map may be generated to 
permit studies of the heterogeneity and grain sizes of 
Mars samples, as well as to detect organic compounds 
that may be confined to small mineral inclusions. At 
higher laser powers, molecular compounds are dissoci-
ated into their atomic constitutents. The resulting ele-
mental composition is instantly recorded by a TOF-
MS, which provides a qualitative but complete mass 
spectrum (to ppmw detection levels) in a single laser 
pulse. By averaging the signals from multiple LDMS 
spectra, semi-quantitative elemental analyses (at the 
5%-25% RSD precision level, depending on element) 
are available. Spectra are clear and unambiguous: the 
identification of elemental species at each spatial posi-
tion needs no curve fitting. Fig. 2 shows example ele-
mental mass spectra from standard samples of Johns-
town Hypersthene and VG-A99 glass. 

 
Fig. 2  Example elemental laser mass spectra from 
samples in a standard mineral mount, courtesy E. 
Vicenzi, NMNH. 

 
At lower laser powers, molecular species increas-

ingly survive, although the intrinsic ionization effi-
ciency is somewhat lower than in the elemental analy-
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sis mode. As such, for organic analyses, the LDMS 
instrument is operated in a mode where the formed 
molecular ions are accelerated and focused, providing 
a more concentrated beam for the TOF-MS. Fig. 3 
shows an example LDMS spectrum from an unpre-
pared Allende meteorite chip. Allende is known to 
contain a component of refractory hydrocarbons 
(PAHs and kerogen-like compounds) at low levels. 
LDMS analyses have shown that these are readily de-
tected at high signal-to-noise ratios, and that they are 
generally confined to localized “hot spots” within the 
matrix regions of the sample. Masses up to 1000 amu 
have been detected despite the lack of wet chemical 
sample preparation. 
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Fig. 3  LDMS spectrum of a sample of the Allende 

CV3 meteorite (courtesy T. McCoy, NMNH). 
 
An intensive study of the elemental and organic 

analysis capabilities of the SAM/LDMS technique 
with a range of natural and synthetic Martian analog 
materials is underway. 
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Introduction: “Dark streaks”[1-4], also known as
“slope streaks”, are unusual surface features found on
Mars that are known to appear and fade away on
timescales of years [5].  Various explanations have
been proposed for their origin and composition, in-
cluding dry avalanches [3] and wet debris or precipi-
tates from brines [2,4,5].  Previous investigations have
been based on analysis of panchromatic imagery and
altimetry from Viking and Mars Global Surveyor mis-
sions.  We have obtained an infrared emissivity spec-
trum of a large dark streak on the north western edge
of Olympus Mons, using imagery from the THEMIS
instrument [6] on the Mars Odyssey 2001 spacecraft.

Observations by THEMIS: Dark streaks appear
across a large fraction of the surface of Mars [4], and
many are observed in the vicinity of Olympus Mons
(and other sites of volcanic origin).  “Dark” streaks get
their name from observations of surface brightness at
visible wavelengths, but in the infrared they appear as
bright streaks (Figs.1,2).  Panchromatic instruments
such as the Mars Orbital Camera [7] return images
with spatial resolutions of a few meters per pixel, and
many narrow dark streaks (~20m wide) and fewer
larger (~200m wide) streaks are seen in these images.
THEMIS-IR [6] measures 10 spectral bands, from
1650–600 cm-1, each ~1mm wide), at a spatial resolu-
tion of ~100m/pixel. Hence, only the largest dark
streaks are suitable for spectral studies that wish to
minimize problems with mixed materials in pixels.

We searched the database of publicly available
20m/pixel, visible wavelength THEMIS-VIS [8] for
large dark streaks, and found a suitable candidate
(Fig.1) in panchromatic THEMIS image V02339006,
collected 2002-06-25 at central latitude, longitude of
(21.412N,222.473E), on the north western slopes of
Olympus Mons.  Two daytime infrared images, col-
lected a month apart, are available for this area:
I02239005 (2002-06-25) and I02701002 (2002-07-24).
We use the radiometrically corrected (RDR) images
for these scenes, and carried out a manual band-to-
band coregistration of the imagery to correct for the
residual band-to-band misregistration in the standard
data product.  To avoid unnecessary manipulation of
the spectra, we restricted our coregistration transfor-
mation to a simple (band dependent) translation.  A
vertical shift of 1.3 pixels/band and a horizontal shift
of 1pixel/band were used to produce the IR band
(8,6,4) RGB composite image in Fig. 2 (bands with
central wavenumbers of ~850, 1000, 1150 cm-1, re-

spectively). The streak, which appears dark at visible
wavelengths (~650nm), appears bright in the infrared.

Estimating surface temperatures: Following the
prescription for analyzing THEMIS-IR imagery de-
scribed by the instrument team [9], we used the infra-
red band 3 (~1300cm-1), which is believed to be mini-
mally impacted by atmospheric dust and water ice,  to
estimate the surface brightness temperature.  For image
I022395505, we obtained brightness temperatures in
the  range 220K (in the deepest shadows) to 269K (on
sun facing slopes), and for image I02701002, we ob-
tained temperatures between 221K and 258K.  The
100m scale spatial distribution of temperatures is
shown in Figs.3 and 4.  The pattern of temperature
variation appears consistent across scenes. Notice that
the dark streak region is spatially correlated with warm
(~260K) temperatures in both images.

Extraction of relative emissivity spectra: Given
that we have estimated the surface temperature from
band 3, we are only able to extract relative emissivity
spectra from the remaining infrared bands (band 10 is
also unavailable, as it was designed to observe a CO2
atmospheric absorption band).  We divided the coreg-
istered spectrum at each pixel by a Planck function at
the appropriate pixel band-3 brightness temperature,
convoluted with the bandpasses of the THEMIS-IR
instrument [9].  The results are shown in Figs. 4 and 5.
Detailed analysis of the spectral shapes will be the
subject of a future publication, although we note in
passing that the spectra from image I02701002 show
an additional peak in infrared band 5 which may be
due to enhanced atmospheric dust over the scene on
that day.  In any case, the patterns of coloration in the
infrared band (8,6,4) composite images appear broadly
consistent across scenes.

Discussion: Spatially resolved infrared spectra of-
fer the opportunity to investigate the physical surface
composition and temperature distribution at pixel
scales (~100m for THEMIS-IR, ~3km for Mars Global
Surveyor TES instrument [10]).  Multispectral imagery
is limited in spectral depth, and it is important to con-
sider how atmospheric constituents affect individual
bands without the advantages of radiative transfer
modeling and hyperspectral imagery [10].  The con-
sistency of our results across images collected a month
apart suggest that THEMIS-IR will be useful for fur-
ther investigation of dark streaks.

References: [1] Morris E. (1982) JGR, 87, 1164.
[2] Ferguson H.M. and Lucchitta B.K. (1984) in

Sixth International Conference on Mars (2003) 3278.pdf



Planetary Geology and Geophysics Program Report,
188-190. [3] Sullivan R.P., et al. (2001) JGR, 106,
23607. [4] Schorghofer N., Aharonson O., and Khati-
wala S.(2002), GRL, 29, No. 23, 2126.  [5] T. Mo-
tazedian (2003) LPSC XXXIV, Abstract #1840. [6] see,
e.g., Christensen P. R. et al. (2003) LPSC XXXIV, Ab-
stract #1519. [7] Malin M.C. et al. (1998) Science, 279,
1681. [8] Bell III J.F., et al. (2003) LPSC XXXIV, Ab-
stract #1993. [9] Smith M.D., et al. (2003) “Themis
instrument description and atmospheric observations”,
presented at “Mars atmospheric modeling and obser-
vations”, Granada, Spain, Jan 13-15, 2003. [10]
Christensen P. R., et al. (1998) Science, 279, 1692.

Figure 1: THEMIS-VIS of dark streak

Figure 2: THEMIS IR band (8,6,4)

Figure 3A: Temperature map for scene 06-25

Figure 3B: Temperature Map for 07-24
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Figure 4A: Relative emissivities, bands (8,6,4)

Figure 4B: Relative emissivities, bands (8,6,4)
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Introduction:  One of the most important issues 

of martian geological history is whether or not there 
have been bodies of standing water on the surface at 
one or more times in the past.  Because of its size and 
the volume of water involved, the most important of 
these putative bodies of water is the "ocean" inferred 
to have occupied the northern lowland at various times 
during martian history [1,2,3,4,5].  Assessing the va-
lidity of hypotheses for a northern paleoocean involves 
determining the nature and thickness of the deposits 
that overlie the ancient Noachian floor of the northern 
lowland.  Data from Mars Global Surveyor and Mars 
Odyssey can address the thickness and origin of these 
deposits in several ways, including evaluating pro-
posed shorelines, comparing depositional ages with 
times of outflow channel activity, modeling behavior 
of the deposited materials, mapping associations be-
tween potentially diagnostic structures and lowland 
topography, and inferring deposit thickness from prop-
erties of these structures.  The approach here is to 
summarize observations and models for the post-
Noachian evolution of Utopia Planitia that point to-
ward the deposition from water of sedimentary depos-
its forming a layer that must be >390 meters thick 
where this thickness can be directly estimated, and that 
very likely is as much as 2-3 km thick in places.  
Demonstrating that these deposits are water-laid sedi-
ments would provide very strong evidence in favor of 
an ocean.  Most of our effort has focused on those 
parts of the putative sedimentary deposits that are de-
formed into giant polygonal terrain, especially in Uto-
pia Planitia where the association of polygonal terrain 
with lowland topography is most clear. 

Geologic Setting:  Most of Utopia Planitia is un-
derlain by the large Utopia Basin, originally inferred 
from the distribution of knobs and mesas defining the 
main basin ring, and from the distribution of giant po-
lygonal terrain that rings the inner part of the basin [6].  
Most of the lowland deposits within the Utopia Basin 
are mapped as the Vastitas Borealis Formation, which 
is divided into 4 members defined by means of associ-
ated structures or landforms [7].  Primarily because of 
superior resolution and clarity of Viking images, and 
absence of obscuring polar surface processes, the 
stratigraphy within the basin is best displayed across 
its southern flank.  To the south, adjacent to the di-
chotomy boundary, the ridged member of the Vastitas 
Borealis Formation is exposed [7].  This unit corre-
sponds to an Early Hesperian ridged plains unit 
mapped over much of the lowland [8].  Northward an 

Amazonian knobby plains unit is mapped [7].  The 
knobs are almost certainly Noachian inliers, and their 
distribution was used to define the main ring of the 
Utopia Basin [6].  The young plains materials sur-
rounding the knobs overlie and partially obscure the 
ridged plains member of the Vastitas Borealis Forma-
tion exposed to the south.  However, the ridges are still 
visible through the young plains in detrended MOLA 
altimetry [8].  Northward, the ridged plains are over-
lain by the Grooved Member of the Vastitas Borealis 
Formation, which is characterized by giant polygons.  
Except where covered by a tongue of Amazonian ma-
terials derived from Elysium Mons [7], the Grooved 
Member (= polygonal terrain) occupies most of the 
central part of the Utopia Basin [7].  Crater counts on 
Utopia polygonal terrain yield an age of Late Hespe-
rian [9,10], consistent with the stratigraphic sequence 
inferred from geology and topography.  All of the cra-
ters used to date the polygonal terrain are superposed 
on the troughs defining the polygons, and thus these 
structures also must be Late Hesperian in age. 

Observations:  A number of observations support 
a water-laid sedimentary origin for the materials of 
polygonal terrains.  Polygonal terrains occur in the 
lowest parts of the northern lowland, the most logical 
places for water to pond and sediments to accumulate 
if oceans or large lakes did occur [11,6,12].  Craters 
superposed on these terrains are dominantly character-
ized by fluidized ejecta, generally believed due to sig-
nificant volatile content in the target material [13].  
The upper elevation limit for polygonal terrain expo-
sures along the south flank of the Utopia Basin occurs 
close to an elevation of -4350 meters [14], approxi-
mately coinciding with a topographic terrace along the 
flank of the Utopia Basin that has been interpreted to 
be a paleoshoreline [15].  Other terraces have been 
inferred at elevations of -3650 m, -4200 m, and -4600 
m [5], the first only ~100 m higher than the mean ele-
vation of inferred global shoreline “contact 2" [1].  
Most of these terraces can be traced for only a few 10's 
of km around the basin flanks.  In addition, a large and 
more laterally continuous bench occurs at -4700 m 
[10].  Finally, the Late Hesperian age of Utopia po-
lygonal terrain coincides with the time of most outflow 
channel activity [16]. 

Most of the Utopia polygonal terrain consists of 
troughs of varying length, depth, and width that form 
an irregular pattern that most closely resembles the 
“irregular random” pattern defined by [17].  The ge-
ometry of these troughs indicates that they are de-

Sixth International Conference on Mars (2003) 3031.pdf



graded grabens.  Within the Utopia polygonal terrain 
are several 10's of grabens that are circular, and our 
research indicates that they exhibit properties support-
ing deposition of polygonal terrain material from wa-
ter, as will be discussed below.  These circular grabens 
are interpreted to overlie the rims of buried impact 
craters [18,19].  Presumably these buried craters were 
superposed on the older, Early Hesperian ridged plains 
unit [8].  It is straightforward to estimate the minimum 
thickness of material covering the buried craters; the 
thickness must exceed the height of the rims of the 
buried craters, as estimated using morphometric equa-
tions for martian craters [20].  In Utopia Planitia, the 
diameters range from 7 to 32 km, and thus ridge height 
and hence minimum cover thickness ranges from 190 
to 390 m.  Even the smallest value in this range ex-
ceeds the ~100 m estimate of cover thickness in [8], 
and thus we do not believe that their result can be cor-
rect.  The diameters of areas enclosed within circular 
grabens exhibit no systematic areal pattern; that is, the 
largest values seem randomly distributed throughout 
the entire population, indicating that the minimum 
thickness of cover required to just bury the craters ly-
ing below circular grabens is close to 390 m through-
out the Utopia polygonal terrain. 

Actually, the minimum thickness must be greater 
than crater rim height in order to permit formation of a 
graben in the cover over the rim.  The thickness of 
cover needed for a graben to develop depends on the 
assumed fault dip angle, and on the initial width and 
sub-surface geometry of the graben.  For likely values 
of these parameters, the additional thickness required 
is at least several hundred meters.  

Modeling:  A number of models have been pro-
posed to explain the giant polygons, based on methods 
of forming polygons on Earth.  These models invoke 
such familiar processes as the cooling of lava 
[21,22,23], frost wedging [24] and the desiccation of 
wet sediments [23].  However, the giant martian poly-
gons are two orders of magnitude larger than the larg-
est polygonal structures on Earth, and none of the 
above processes can be scaled up to the martian di-
mensions [25].  Two models [19,9,26] try to explain 
the large scale of the martian polygons by suggesting 
that they form in a cover material that is tectonically 
bending and compacting over an uneven, buried sur-
face.  However, while these models can explain the 
location of the troughs bounding the polygons, the 
surface bending strains produced are not sufficient to 
explain the width and depth of the troughs [9].  It has 
been proposed [14] that rebound of the crust beneath 
the Utopia Basin as a result of drying of a northern 
ocean created roughly isotropic extension in Utopia 
Planitia.  They cited Pechmann [25], who estimated 
that an uplift of ~1 km would yield about 0.03% re-

gional extension.  For an average graben depth of 30 m 
and average graben spacing of 7 km [14] the regional 
extension required to form the grabens is ~1% for 60o 
fault dips and ~0.3% for 80o fault dips.  Furthermore, a 
kilometer of rebound uplift would require loss of ~3 
km of water, a factor of ~3 greater that the estimated 
maximum ocean depth within Utopia Basin [14].  Thus 
rebound would provide extension that is more than an 
order of magnitude too small to account for the gra-
bens. 

Differential compaction of polygonal terrain mate-
rial can account for the needed extension [9,27,28].  
That this process has occurred is indicated by two sim-
ple tests.  A differentially compacting cover material 
will produce a surface relief that is dependent upon the 
thickness of the cover material, the relief of the base-
ment floor it covers, and the average compaction 
throughout the cover layer.  The percent compaction at 
any depth within the cover must be a function of the 
total overburden pressure.  This means that percent 
compaction should increase with the depth of the cover 
deposit, and thus that the average fractional compac-
tion should be proportional to cover thickness.  If the 
circular grabens do overlie buried impact craters, then 
differential compaction models predict that they will 
bound topographic depressions, because total cover 
thickness will be greater over the centers of completely 
buried craters than over their rims.  Since large craters 

 

 
Figure 1.  Location of 27 circular grabens on the 
southwest flank of the Utopia Basin.  21º-33ºN, 241º-
257ºW 
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are deeper than small craters, the models also predict 
that surface relief will be proportional to ring fracture 
diameters.  Studies of 27 circular grabens (Fig. 1) 
found on the southwest flank of the Utopia Basin 
[27,28] showed that these predictions hold true in Uto-
pia Planitia (Fig. 2). 
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Figure 2.  Diameter of the outer ring of circular gra-
bens vs. the surface relief of the enclosed depression, 
as determined by MOLA.  Surface relief is defined as 
the absolute value of the difference between the high-
est point on the ring's rim and the lowest point it sur-
rounds. 

Figure 3.  The spacing between the two ring grabens 
vs. the diameter of the outer graben. 
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Most of the circular grabens in southwest Utopia 

Planitia are comprised of two concentric nested rings.  
Tectonic bending of the cover material would increase 
the probability of fracturing over a drape anticline 
formed over a buried crater rim, but this should only 
produce one graben.  And yet, of the 27 circular gra-
bens studied, only two consisted of a single ring; the 
remaining 25 are double.  The spacing between the 
concentric rings does not correlate with diameter of the 
circular grabens (Fig. 3) but does correlate with its 
proximity to the center of the Utopia basin (Fig. 4) 
[28].  Many researchers [e.g. 29] have inferred that 
cover thickness should increase towards the center of 
the basin, thus suggesting a correlation between ring 
spacing and thickness of cover material. In addition, 
the average depth of polygonal terrain grabens in-
creases towards the center of the Utopia Basin [14], 
suggesting a relationship between graben depth, cover 
thickness, and distance from the center of the basin.   
Numerical models show that the differential compac-
tion of a cover material over a crater rim produces two 
regions of maximum tangential stress at the surface, 
one inside of the crater rim and one outside [30].  
These regions, where we would expect grabens to 
form, move away from each other with increasing 
cover thickness.  The modeling results thus match the 
observations in Utopia Planitia.  To produce graben 
spacings within the obser- 

Figure 4.  The spacing between the two ring grabens 
vs. the distance to the center of the Utopia Basin.  Cen-
ter of the Utopia Basin is assumed to be 44ºN, 113ºE, 
the center point of the 17º circle that circumscribes the 
Utopia polygonal terrain [9].  Alternatively, the lowest 
topographic point as determined by MOLA [15] is 
located at 45ºN, 112ºE.  Although there are small 
variations in the plot when using this location, the 
trend is the same. 
 
ved range (1.4-3.5 km), preliminary numerical models 
require cover thicknesses within the 1-3 km of maxi-
mum cover estimated by [29]. 

Discussion:  Both the modeling and the surface 
relief observations of circular grabens strongly support 
differential compaction in Utopia Planitia.  This com-
paction, however, needs to produce sufficient horizon-
tal strain to create the observed polygonal troughs.  
Wet soils shrink as they dry because the surface ten-
sion of the water pulls the grains toward each other.  
The resulting strain due to volume loss can easily be 
large enough to account for the dimensions of the po-
lygonal fractures [9].  Studies of polygonal fault sys-
tems in Lower Tertiary mudrocks in the North Sea 
Basin determined that the bulk extensional strains that 
caused faulting are a component of the compaction 
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process [31].  Polygonal faulting due to compaction-
related extension has now been identified in fine-
grained sedimentary rocks of numerous globally dis-
tributed basins [32,33,34].  These studies indicate that 
the North Sea polygons accommodated radially iso-
tropic extensional strains of up to 20% [31].  Large 
volume air fall or surge volcanic deposits also shrink 
as they cool, especially if they weld, but this is pre-
dominantly accommodated by vertical compaction 
with only minor horizontal shrinkage [35].  Thus cool-
ing volcanics will not provided the horizontal exten-
sion needed to account for the grabens bounding the 
giant martian polygons.  Thus the robustness of the 
support for the differential compaction model of poly-
gon formation from observations, numerical modeling, 
and Earth analogues, strongly implies that the cover 
material in Utopia Planitia was deposited from water.. 

Conclusions:  Evidence that polygonal terrain ma-
terial, and perhaps material of other members of the 
Vastitas Borealis Formation as well, is sedimentary 
and water deposited is varied and strong.  This evi-
dence ranges from global temporal or spatial associa-
tions with outflow channels, possible shorelines, deep 
topographic depressions, and fluidized ejecta craters to 
detailed geologic, geometric and kinematic characteris-
tics of polygonal terrain structures.  Polygonal terrain, 
which corresponds to the Grooved Member of the Vas-
titas Borealis Formation, must be on the order of 1-3 
km thick, with thickness increasing systematically 
from the flanks towards the center of the buried Utopia 
Basin.   
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Implications of Flow and Brittle Fracture of Ice Masses in South Polar Craters. S. Byrne1, 1Division of
Geological and Planetary Sciences, California Institute of Technology, Mail-stop 150-21, 1200 East California
Blvd., Pasadena, CA 91125, USA. shane@gps.caltech.edu

Introduction: The Martian layered deposits have
long been thought to be mostly water ice with varying
admixtures of dust leading to the differing albedos and
mechanical strengths of the layers [1]. They have
previously been mapped as a distinct unit based on
their banded visual appearance [2]. Topography data
from the Mars Orbiter Laser Altimeter (MOLA) [3]
have confirmed these deposits to be several kilometers
thick and broadly dome shaped, similar in many
respects to the Greenland ice sheet on Earth.

The degree to which the present layered deposits
behave like terrestrial ice sheets is unknown [4]. The
possibility of flow has been discussed by several
authors [5,6]; conversely brittle fracture and
sublimation have been proposed to dominate over flow
by others [7,8]. In this work a series of features at the
edge of the southern layered deposits are examined for
evidence both for and against flow.

Figure 1. MOLA derived shaded relief map of the
south polar region. Grid lines every 2° latitude and 30°
longitude, shading from upper right. White areas
indicate mapped locations of mounds within craters
interpreted to be layered deposit outliers. White circle
at center represents no data, black dashed line
represents mapped boundary [2] of layered deposits.

A series of craters close to the mapped edge of the
south polar layered deposits contain large mounds (see
Fig 1). These mounds appear to be layered deposit

outliers in Mars Orbiter Camera (MOC) images and
have previously been mapped as such [2]. Many of
these mounds show geomorphic evidence of flow at
some point during their history some of which is
discussed below. A thorough review of this evidence
will be presented and implications for polar history
discussed.

Edge ridges: A common occurrence where these
mounds are in contact with a crater wall are ridges at
the edge of the deposit (see Fig. 2).

Figure 2. MOLA topography shaded from the
upper right of a glacier-like feature within two craters.
The black line near the interpreted terminus (below and
right of center) represents the position of the plotted
topographic profile. A series of ridges is visible near
the edge of this feature.

These ridges are interpreted here as being due to
compression of the ice mass as it flowed into the side
of the crater. Its possible that this form of compression
could also occur from the ice being pushed uphill by
the pressure of the mound upstream. The present day
separation between the crater wall and proposed
terminus is interpreted to be due to subsequent retreat
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of the ice by sublimation. Many of these mounds have
dunefields superposed on them, care must be taken that
large dune formations are not interpreted as ridges
within the ice body. MOC narrow angle imagery
provides the distinguishing data.

“Double hump” structure: Many of these mounds
appear as though there are multiple superposed ice
masses (see Fig. 3). It has been argued in the past that
the southern layered deposits have advanced and
retreated [5]. This is further evidence to that effect,
each superposed lobe of material can be interpreted as
being the result of the main ice sheet advancing over
the previous lobes. Periodic glaciation is common on
the Earth and could occur on Mars due to deposition
enhanced by obliquity variations as has been suggested
by many in the past.

Figure 3. MOLA shaded relief of crater containing
superposed mounds. White line indicates position of
plotted topography profile (top to bottom on figure is
left to right on plot). A single ridge at the edge of the
deposit is also visible here.

Indications of Brittle Fracture: Several locations
at the layered deposit boundry exhibit ample evidence
of brittle fracture [8] (see Fig. 4).

Figure 4. Subset of MOC narrow angle image
M02/01989 showing bounding scarp of layered
deposits. Landsliding is comman in this area.

Offset faulted layers, landslides, and large scale
slumping in certain areas indicate that flow is not
currently fast enough to accomadate the driving stress
which causes these features.

Possible Moraines: Terminal moraine like features
point to both lateral advancement of ice masses and
more recent retreat. The evidence for the existence of
these features is weaker than other indicators discussed
above since they are in general harder to locate.

Figure 5. MOLA shaded relief near 72° S 145° E.
Small moraine like structures are evident in the vicinity
of possible flow structures. Black line segment
represents the position of plotted profile.

Modeling to try and constrain the length of time it
would take for water ice features to retreat due to
insolation alone (which varies with obliquity) will be
used to attempt to estimate how long ago sublimation
overtook flow.

Preliminary Interpretations: In many locations
these ice rich mounds seem both to be in a state of
retreat and display evidence of flow. These two
disparate observations can be reconciled by postulating
alternating episodes of glacial advance and
sublimation-based retreat. The geomorpholical
evidence seems to suggest that we are currently in an
erosive state and have been for some time.

Sixth International Conference on Mars (2003) 3219.pdf



The large quantities of water ice discovered within
the mid-latitude regolith [9] and the snow layer
proposed [10] as an explanation for the gully
phenomena in the middle latitudes could represent the
present location of water ice which in glacial periods
would be transported poleward and acculuminate as
layered deposits. If the polar layered deposits were to
wax and wane in thickness then glacial activity at its
margins would also respond to the increased pressure
and driving force of the thicker ice sheet. Retreat via
sublimation is likely operating to some extent at all
times but may be periodically overtaken by this glacial
activity.

A more complete set of geomorphic evidence will
be presented along with modeling results of retreating
scarps to attempt to date these events.
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Introduction:  The solid CO2 reservoir at the 

southern pole of Mars, which survives the entire 
summer, has been known to exist for decades [1,2].  
Mars Global Surveyor data have revealed this residual 
deposit to contain a rich variety of geomorphic features 
[3].  One of the most ubiquitous classes of features on 
the residual cap are the flat-floored quasi-circular pits 
with steep walls (see Fig. 1), dubbed Swiss-cheese 
features. 

In this work we report on statistical properties of 
different Swiss-cheese populations within the residual 
cap. We use results from a model we have developed 
[4] to attempt to infer the recent history from such 
properties as the size distribution and other measured 
geomorphic parameters. 

We find evidence of changing environmental 
conditions on the residual cap over timescales of 
Martian centuries. 

 

 
 
Figure 1. A) Typical depression in the polar CO2 

ice (“Swiss-cheese feature” ) within the study area 
shown in Fig. 2.  Just below and to the right is a slight 
depression, which may be the progenitor of a future 
Swiss-cheese feature.  The ‘elephant hide’  appearance 
of the surrounding terrain is commonly observed near 
these features in this area. Sub-frame of MOC narrow 
angle image M09/00609, taken at 87° S, 353° E, and Ls 
237°.  B) Larger Swiss-cheese features show moats 
with a raised central island, also visible here is layering 
within the walls. Sub-frame of MOC narrow angle 
image M12/01995, taken at 86.9° S, 17 E°, and Ls 
305°.  In this and subsequent figures arrows denote the 
direction to the sun (*) and north (N). 

 
Feature Description:  These features are strictly 

confined to the southern residual CO2 cap. Within that 
restriction they occur in all areas, usually right up to 

the border between the residual cap and the layered 
deposits.  Swiss-cheese features have a number of 
distinctive characteristics (see Fig. 1), although not all 
features share all these characteristics. 

 
• Flat Floored 
• Steep Walls  
• Depth ~8m (from shadows and MOLA) 
• Size range from a few hundred meters to ~1 km 
• Layers exposed in walls 
• Asymmetric cusp (smaller ones only) 
• Interior moat and island (larger ones only) 
• Equatorward facing walls slightly steeper 
 
Swiss-cheese features do not change shape or size 

over the course of a single year [3,5], however 
observations from two sequential Martian years show 
that the depressions are expanding [6].  The observed 
rate of retreat for individual walls is 1-3 m/yr [6].  The 
flat floors and growth of these features has been 
successfully modeled as a depression in CO2 ice 
underlain by water ice [4]; modeled retreat rates (0.5-
2.5 m/yr) were close to the observed rates and 
depended mostly upon the subsurface albedo profile. 

Seasonal changes in the albedo characteristics of 
the depressions do occur [4,5]. The walls and moats (in 
the case of the larger depressions) darken considerably 
when the seasonal frost is removed. The surrounding 
upper surfaces and raised central islands (in the case of 
the larger depressions) do not darken in this way. 

 
Observations and Model: Following previous 

work [4, 7]. We choose several study regions on the 
residual cap spanning latitude, longitude, elevation and 
distance to residual cap edge. Among the measured 
parameters we will report on are: 

 
• Size 
• Orientation (where visible) 
• Moat widths  
• Wall slopes (poleward and equatorward) 
 
In work so far we have used the developed model 

to interpret the size distribution in terms of age [4, 7].  
However other parameters such as the wall slopes can 
provide constraints on the subsurface albedo profile 
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when compared to model results for different 
situations. 

An example of one region studied is shown on Fig 
2. This region has a unique population of Swiss-cheese 
features, which show a remarkable consistency in size 
and orientation [7]. 

 

 
 
Figure 2. Shaded topographic map of the southern 

residual cap (outlined in black). Data poleward of 87° 
S (white areas) is very sparse and not shown here. The 
region of interest discussed here (400 km2) is outlined 
by the dashed square near 87° S 355° E.  Other regions 
will be similarly analyzed. 

 
The model used is described elsewhere in more 

detail [4,7]. Briefly it accounts for all orders of incident 
and scattered long and short wave radiation within an 
arbitrarily shaped depression. The depression is 
embedded within CO2 ice and can change size and 
shape in response to sublimation/condensation of CO2 
in different areas. The CO2 ice is underlain by water ice 
which is assumed to be involatile within this 
temperature range but which is free to heat up and 
conduct heat into the subsurface if exposed to 
insolation. 

 
Preliminary results: These features are fast 

growing and provide information on the last few 
centuries of Martian history. Although this work is still 
in the initial phases some preliminary results show the 
promise of this approach. 

The model concept of a thin CO2 layer on top of 
water ice was validated with THEMIS data [4,7]. This 
led to an estimate of the total amount of CO2 in the 
residual cap reservoir (about 5% of the atmospheric 

reservoir [4]).  This estimate is likely an upper limit as 
the 8 meters thick CO2 layer is very patchy over most 
of the residual cap. 

 

 
 

Figure 3. A) Rose diagram of Swiss-cheese feature 
orientations. Azimuth refers to the direction from the 
cusp to the opposite wall, through the center of the 
depression. The total number of features measured was 
370, the mean azimuth was within 0.2° of south and the 
standard deviation was ~17°. Concentric circles 
indicate number in increments of 10. B) Histogram of 
sizes of identifiable Swiss-cheese features. Diameter 
here refers to the longest axis for non-circular features. 
The total number of features measured is 1263, the 
mean size was 217m and the standard deviation was 
~35m. C) Many Swiss-cheese features destroying the 
upper 8m thick layer in a sample view of our study 
area.  Sub-frame of MOC narrow angle image 
M07/04167, taken at 86.8° S, 355° E, and Ls 211°. 

 
The narrow size distribution observed in the area 

shown on Fig. 2 (see Fig. 3) points toward a common 
formation period for these features. Comparing model 
results to the observations the age of this population 
could range anywhere from ~43 ± 7 to ~217 ± 35 
Martian years (or 81 ± 13 to 408 ± 66 terrestrial years) 
[7]. The ± numbers quoted correspond to the error in 
the age of the population not the period over which 
these features were forming. The width of the 
distribution (measured by the interquartile scale of 
40m) can be used to estimate the length of time these 
features were forming. This corresponds to a period of 
8 to 40 Martian years (15 to 75 terrestrial years) [7]. 

The large spread in ages and length of formation 
period is due to the large spread in expansion rates. 
One fact which is independent of this is that the length 

Lunar and Planetary Science XXXIV (2003) 3112.pdf



of formation period is ~18% of the mean lifetime of the 
population. 

The mapped positions of the asymmetric cusps 
indicate they occur without exception on south facing 
walls. This lends further credence to the insolation-
based model that we have adopted.  The cusp position 
is more difficult to record than the feature size since 
cusps are only visible in the highest resolution images. 

 
Discussion: The narrowness of the size distribution 

combined with the size cutoff at smaller and larger 
sizes points toward a period in the history of this area 
of the residual cap where Swiss-cheese features were 
forming.  It is hard to imagine what may be varying on 
timescales of centuries to control whether 
environmental conditions are suitable for Swiss-cheese 
formation or not. Orbital change cannot be playing a 
significant role over such short timescales and the 
atmosphere generally has no memory from one year to 
the next. One possibility is perhaps the slow 
redistribution of dust on a planet wide scale into 
preferred areas, which changes the albedo pattern with 
respect to the (by comparison) invariable elevation 
pattern. This could possibly switch the climate and 
circulation patterns into some other mode leading to 
differing conditions on the residual cap and a resetting 
of dust to its original configuration. This dust 
redistribution action may also act on more regional or 
local scales, changing the environment only in the near 
polar areas. 

Each part of the residual cap has its own story to 
tell (although these stories should overlap).  We will 
report on the extension of this geomorphic mapping to 
other areas.  A more complete history of the polar 
environment over the last few Martian centuries should 
be forthcoming.  In parallel we are improving our 
modeling methods to adequately characterize more 
geometrically complicated features such as the large 
Swiss-cheese features that contain moats and central 
islands.  Finally, improvements to our estimates of the 
total amount of CO2 in the residual cap reservoir are 
continuing and will be greatly helped by the detailed 
geomorphologic cataloging now underway. 

 
References: [1] Leighton, R. B., and B. C. Murray, 

Science (1966) 153, 136-144. [2] Kieffer, H. H. (1976) 
JGR, 84, 8263-8288. [3] Thomas P. C. et al. (2000) 
Nature, 404, 161-164. [4] Byrne, S., and A. P. 
Ingersoll (2003) Science, 299, 1051-1053. [5] Malin, 
M. C., and K. S. Edgett (2001) JGR, 106, 23429-
23570. [6] Malin, M. C. et al. (2001) Science, 294, 
2146-2148. [7] Byrne, S., and A. P. Ingersoll (2003) 
GRL, submitted. 
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WATER AND  HEMATITE: ON THE SPECTRAL PROPERTIES AND POSSIBLE ORIGINS OF ARAM,
MERIDIANI, AND CANDOR.  W. M. Calvin1, A. Fallacaro1 and A. Baldridge2, 1Dept of Geological Sci-
ences, University of Nevada, Reno, NV 89503 (wcalvin@unr.edu), 2Dept. of Geological Sciences,
Arizona State University, Tempe, AZ 85287

INTRODUCTION  
The Terra Meridiani hematite area was recently
selected as one of two final landing sites for the
Mars Exploration Rovers.  This selection was
based in part on the spectral signature from the
Mars Global Surveyor Thermal Emission Spec-
trometer experiment (MGS-TES) that shows a
strong signature of bulk grey hematite in the
region [1,2].  Both aqueous and non-aqueous
processes have been used to account for the
presence of this material [2,3,4,5].  Calvin
[6,7,8] has long argued for the presence of al-
teration minerals in medium to low albedo re-
gions and we have recently demonstrated the
correlation between the TES hematite locations
and those spectra from the Mariner 6 and 7 In-
frared Spectrometer (IRS) that suggest increased
water of hydration [9].  As the bulk hematite
does not include hydration features it suggests
the presence of other, associated hydrated min-
erals at the site and supports and aqueous for-
mation mechanism.  We here summarize the
Mariner IRS evidence for increased water, ex-
plore the observations by the French Imaging
Spectrometer for Mars (ISM) over these regions
and consider possible scenarios for the concur-
rent deposition of bulk hematite and hydrated
minerals.  

TES HEMATITE REGIONS
Christensen et al. (2001) [2] found three re-
gions of Mars that contained the spectral signa-
ture of bulk grey hematite.1  The largest of the
three deposits is in Meridiani exposed as a flat,
layered deposit underlying etched and eroded
terrain.  The second largest deposit is in Aram
Chaos, a large collapse zone at the source of the
Ares outflow channel.  The third region en-
compasses a number of small outcrops distrib-
uted primarily in East and West Candor Chas-
mae in the Valles Marineris, and the largest of
these is approximately 50km wide at the base
                                                                        
1 We prefer to use the term  “bulk” as opposed to crystal-
line or specular hematite as the latter can imply a high
pressure or high temperature metamorphic regime consid-
ered unlikely for the surface of Mars.  As we will show,
bulk grey hematite can form as a chemical precipitate
without either large crystals or specular nature.

of a mesa in East Candor. There are number of
other small outcrops in northern Melas,
Coprates and Capri Chasmae. Christensen et al.
[2] noted all occurrences are in association with
layered sedimentary units and they favored an
aqueous origin via chemical precipitation at ei-
ther ambient or hydrothermal conditions.

Much of the ensuing discussion has focused on
the largest Meridiani site. The even elevation
and moderate surface roughness make it a possi-
ble landing site where the rugged terrain ex-
cludes both Aram Chaos and East Candor.  Re-
cent articles have studied in detail the morphol-
ogy of the hematite outcrop and the surround-
ing terrain [3,10] noting that volcanic ash fall
or volcanic material interacting with groundwa-
ter are possible sources of the deposit.

Our preference is to consider the spectral signa-
tures in conjunction with each other, and as the
identification is unique and spatially isolated the
origins are probably related and must be consis-
tent with the diverse morphologies of the sites.
Even before the TES hematite identification,
Calvin [6] noted that Aram Chaos appeared t o
have a spectral signature suggestive of more
water in surface materials.  This lead to the pos-
tulation of dark alteration analogs for Mars [7]
and this scenario is consistent with the subse-
quent identification of bulk hematite.

MARINER 6/7 AND WATER
Calvin’s [6] study focused on the region of
overlap between IRS and ISM in Eos Chasma
[11]. So, while the Mariner instruments covered
the Meridiani site, they were not included in the
original study.  Baldridge and Calvin [9] revis-
ited the analysis including a larger portion of
the Mariner 6 ground track and previously un-
analyzed Mariner 7 data.  Figure 1 shows the
locations of the Mariner and ISM data from
Capri Chasma across Meridiani.  Both Mariner
6 and 7 observed the TES Meridiani hematite
region, Mariner 6 observed Aram Chaos and the
ISM “Arabia” track just misses the northern
most edge of small hematite outliers shown by
Christensen et al. [2].
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Baldridge and Calvin [9] found there is a marked
correlation between the Mariner spectra that
have an increased integrated band depth for the
entire water of hydration feature with regions
identified by TES containing bulk hematite.
Both Mariner 6 and 7 show increased water
over Meridiani and Mariner 6 shows increased
water in the spectra that correspond with the
Aram Chaos hematite outcrop, consistent with
the earlier study [6,9].

There are very few studies that quantify the
amount of water in a sample and the reflectance
shape of the 3-mm absorption feature. Yen et
al. (1998) [12] used apparent absorbance t o
study water content.  For soils of well charac-
terized grain sizes, the apparent absorbance
shows a near-linear trend with water content as
determined by thermal gravimetry. However
this band can be grain size dependent, and they
also note that exceptionally fine-grained hy-
drated materials coating larger grains can lead t o
similar absorbance values with as little at 0.5%
H2O.  More recently, Milliken and Mustard [13]
have modeled dehydration of water adsorbed on
montmorillonites using the optical constants of
water relative to a dry sample.

The spatial footprint of the Mariner IRS in-

strument is quite large, ~ 100 x 200km. The
viewing geometry is not strongly varying over
the duration of the observations.  The interme-
diate to low thermal inertia of the Meridiani
site [3,10] suggests loose, sand size material.
This and the albedo suggest  there is not a
strong component of fine-grained material.
The integrated band depth is normalized so that
the albedo of the surface is removed. Hence we
have argued that the Mariner data are not likely
sensitive to small scale variations in surface
physical properties but are in fact recording a
parameter sensitive to the hydration state of
surface materials.  Based on the apparent absor-
bance model, the Mariner data indicate an in-
crease of water of 1 to 2 wt%.   As the average
soil is inferred to have only 1 to 2wt % water
this is a significant local enhancement in hy-
drated minerals.

The marked spatial correlation of the two spec-
tral properties suggests a genetic link, not just a
coincidence, particularly given that both prop-
erties are atypical for the Martian surface.  As
the bulk oxide hematite is not hydrated, there
must be an additional hydrated phase on the
surface in these regions.  Identification of the
phase based strictly on the 3-mm absorption
feature is unlikely.

Figure 1: Location of Mariner 6/7 IRS and Phobos ISM spectral observations.  White diamonds are Mariner 6, green
squares are Mariner 7 short wavelength (2-6 mm), blue triangles are Mariner 7 long wavelength (5 to 15 mm).  Small
black points are ISM points of the Aurora and Arabia swaths.
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ISM AND WATER
Only two orbiting spectrometers have observed
Mars in the region sensitive to water of hydra-
tion.  While many minerals have absorptions
near 1.4 and 1.9 mm in addition to 3-mm, the
shorter wavelengths are difficult to observe
through abundant atmospheric absorptions and
scattering.  The Phobos ISM spectrometer also
observed similar wavelengths to IRS, but at
markedly reduced spectral sampling due t o
problems of calibration of the even and odd de-
tectors [e.g. 14].  ISM also only observed to 3.1
mm, so that most analysis of that data set uses a
simple ratio to albedo at shorter wavelengths t o
determine a 3-mm “band depth” [14,15]. The
disadvantage of this approach relative to the
integrated value determined by IRS is the strong
correlation of the ratio method to albedo.
Hence only among material of similar albedo
can a 2.5/3.1 ratio appropriately be considered
to reflect possible variations in surface hydra-
tion.  Murchie et al. [15] recently summarized
the ISM results noting increased hydration in
intermediate albedo dark red soils and in layered
terrains in the Valles Marineris.

Given the exciting correlation between inte-
grated 3-mm band depth and the TES hematite
regions we here revisit the ISM data set. Erard
and Calvin [11] note good agreement between

the IRS and ISM instruments overall and strong
agreement in absolute value of 3-mm reflectance
in low albedo regions.  Also, while IRS did not
observe the hematite sites in Candor in the
Valles Marineris the ISM has three swaths over
this region: VMC, HEB and AUR, for Valles
Marineris Center, Hebes Chasma and Aurora
Planum as shown in Figure 2.   

In their summary paper, Murchie et al. [15]
performed spatial averaging to smooth out cali-
bration and other noise sources. We are looking
for spatial properties that are 1 to 2 ISM pixels
in Candor and hope to derive a method that is
less sensitive to the overall albedo correlation.
Figure 3 shows  the apparent absorbance (-ln(r))
using a single wavelength channel for the cali-
brated data available on the ISM web page [14].
The apparent absorbance still has a strong cor-
relation to albedo which makes this property
somewhat suspect in determining hydration
state.  We are currently examining atmospheri-
cally corrected data as well as averaging a few
channels for apparent absorbance. Figure 3 has
been thresholded to map only the most extreme
values of the 3-mm apparent absorbance. We
are exploring various methods to remove the
linear component of the hydration vs albedo fit
in order to examine variations in band strength
that deviate from the linear trend. Comparison
to IRS values will be presented at the meeting.  

Figure 2: Locations of the VMC (Valles Marineris Center) and AUR (Aurora) swaths for ISM are shown as small points,
red and white respectively.  Mariner 6 IRS footprints overlapping AUR in Ganges and EOS Chasmae are shown as white
diamonds.
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POSSIBLE ORIGINS
The hydrated component of the hematite re-
gions could be associated with carbonate, silicate
or sulfate materials [9].  There are only a few
natural environments where bulk oxides and
hydrated minerals appear concurrently. These
include terrestrial Archean iron formations and
carbonaceous chondrites. An additional prop-
erty is that both these environments lack abun-
dant oxygen, similar to the present and inferred
past state of the Martian atmosphere. A general
similarity is seen between the alteration prod-
ucts in Archean Iron Formation (IF) and carbo-
naceous chondrites [8] and, in addition, both
these assemblages are associated with organic
materials or possible biological precipitation in
the case of IF.  Fallacaro and Calvin [16] de-
scribe spectral and chemical studies of Lake Su-
perior Banded Iron Formation (BIF) associated
with shallow sea precipitation. Previous work
[7,8,17] has explored the silicate facies miner-
als similar in some detail.  Here we expand on
the work of Calvin [7] by considering the
amount of silicate BIF spectral signatures that
can be included in a mixture with oxides and still
be compatible with TES observations in the 10-
mm region.  We will present linear mixtures
models for thermal wavelengths at the confer-
ence.

2004: MER
The rovers  carry a suite of chemical and min-
eralogical instrumentation for determining the
detailed nature of surface materials, including
Moessbauer, APXS, thermal IR spectroscopy as
well as color, panchromatic, and microscopic
imagery.  We look forward to the data returned
by that mission and its ability to resolve the
origins of the deposits and the nature of acces-
sory minerals at the Meridiani site.

References: [1]Christensen et al. JGR, 105, 9623,
2000. [2]Christensen et al. JGR, 106, 23873, 2001.
[3]Hynek et al. JGR, 107, 5088, 2002. [4]Lane et al.
JGR, 107, 5126, 2002. [5]Kirkland et al. LPSC XXXIV
abs 1944, 2003.  [6]Calvin, JGR, 102, 9097, 1997.
[7]Calvin, GRL, 25, 1597, 1998. [8]Calvin et al.
LPSC XXXIII, abs  1154, 2002. [9]Baldridge and
Calvin JGR  submitted. [10]Arvidson et al JGR sub-
mitted. [11]Erard and Calvin Icarus, 130, 449, 1997.
[12]Yen et al. JGR, 103, 11125, 1998. [13]Milliken
and Mustard LPSC XXXIV abs 1345, 2003) [14]Erard
et al. Proc. Lun Planet. Sci. 21, 437, 1991,
http://www.ias.fr [15]Murchie et al. Icarus, 147, 444,
2000. [16]Fallacaro and Calvin, this conference.
[17]Calvin and King, Meteorit. Planet. Sci., 32, 693,
1997.

Figure 3: Apparent absorbance of ISM values at ~3.1 mm.  Red indicates a higher strength due to the spectral features

of water.  The image has been thresholded so that brighter surfaces (albedos at 2.3 mm > ~ 0.25 have been set to zero.
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MGS-MOC OBSERVATIONS OF MARTIAN DUST STORM ACTIVITY.  B. A. Cantor1, 1Malin Space Sci-
ence, San Diego, CA.,USA (cantor@msss.com). 

 
 
Introduction:  The Mars Observer Camera (MOC) 

completed its second consecutive Martian year of 
monitoring on  December 12, 2002, since entering its 
mapping orbit on March 9, 1999. During this time the 
narrow-angle (NA) camera has been taking snapshots 
of the surface at a resolution of 3-40 m/pixel, while the 
two wide-angle (WA) cameras, which cover two wave-
length bands spanning from the blue (400-450 nm) to 
the red (575-625 nm), have been continuously mapping 
the dayside of Mars at a constant resolution of  7.5 
km/pixel. Because the WA cameras have a 140° FOV, 
which allows for limb-to-limb views of the planet, the 
local time across these low-resolution images ranges 
from 12:17 to 15:43 at the equator. Some overlap ex-
ists between images taken on consecutive orbits, allow-
ing for complete global coverage of the planet to be 
obtained in two colors in only 12 to 13 orbital passes 
or about once per a sol.  

The MGS-MOC experiment has provided an unique 
opportunity to study Martian weather phenomena, 
ranging from dust devils and dust storms to condensate 
clouds to the seasonal behavior of the Martian polar 
caps, all on time scales ranging from semi-diurnally to 
interannually. We present here a brief description of 
the dust activity observed by MOC during the past 2 
Mars years in terms of the interannual invariabil-
ity/variability of these events.  

MOC has observed dust events across much of the 
planet from the depths of Hellas basin to the summit of 
Arsia Mons. These events range in size from dust dev-
ils to planet encircling dust veils.  

 
Dust Devils:  Martian dust devils range in size from 

a few to 10s of meters across to 100s of meters across 
and over 6 km high. Though dust devils occur through-
out most of the Martian year, each hemisphere has a 
"dust devil season" that generally follows the subsolar 
latitude and appears to be repeatable from year-to-year. 
An exception is NW Amazonis, which has frequent, 
large dust devils throughout northern spring and sum-
mer.  

MOC observations show no evidence that dust dev-
ils cause or lead to dust storms, however, observations 
do suggest that dust storms can initiate dust devil activ-
ity (i.e., Dust devils sometimes do occur near small, 
localized storms). One specific relation occurred dur-
ing the onset of the planet encircling dust event of 
2001, when slightly elevated levels of atmospheric 
dust, associated with the developing planet encircling 
dust veil, triggered a very short period of dust devil 

activity in NW Amazonis in early northern autumn. 
The redistribution of dust by the initial onset of the 
2001 planet-encircling dust activity may have also af-
fected subsequent spring and summer dust devil activ-
ity in Hellas, where considerably fewer dust devils oc-
curred in 2001-2002 than 1999-2000. In SW Syria, 
frequent, large dust devils occurred after the 2001 
global activity and persisted through southern summer. 
While dust devils have no specific relation to dust 
storms, they might play a role in maintaining the low 
background dust opacity of the Martian atmosphere, as 
well as, the seasonal "wave of darkening" at middle 
and high latitudes by removing or disrupting thin ve-
neers of dust. 

Dust devils are also important in terms of the shad-
ows they cast, which can provide a snapshot view of 
the afternoon vertical structure of the lower several 
kilometers. A northern Amazonis, summertime dust 
devil, shown in Figure 1, has a distinct shadow that 
shows the fine vertical structure of the vortex and 
plume. The bending of the vortex by 45° to the north-
west is indicative of a wind-shear layer about 0.6 km 
high, which extend from 0.64 km to 1.24 km above the 
surface. The direction of the prevailing winds in this 
layer are to the northwest. The point where the vortex 
and plume interface, defines another boundary layer, 
which occurs at an altitude of 1.68 km above the sur-
face. 
 

 
 
Figure 1. MOC-NA image of an Amazonis dust devil.  
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Dust Storms:  Global maps are important for 
monitoring all but the smallest scale dust activity on 
Mars. MGS global observations have shown that 
storms occur almost daily with few exceptions, with 
thousands occurring each year in the present Martian 
environment, dispelling the notion of a “Classical Dust 
Storm Season”. However, there does appear to be an 
annual dust storm cycle, with storms developing in 
specific locations during certain seasons; see Figure 2. 
MOC observations taken during the past 2 Martian 
years, suggest that this dust cycle was in general, re-
peatable from year-to-year. The majority of storms 
develop near the receding seasonal polar cap edge or 
along the corresponding polar hood boundaries in there 
respective hemispheres, suggesting that large thermal 
gradients and the surface winds they generate are the 
triggering mechanism for some of the dust activity. 
Because of MGS’s polar orbit, some of these high-
latitude local dust storms have been monitored with 
sufficient temporal sampling density (every 2 hours) to 
observe their semi-diurnal evolution; see Figure 3. 
These observations showed that most high-latitude 
storms formed in the early to late morning hours when 
boundary layer instabilities would be greatest and 
would expand rapidly, covering a large area in a matter 
of just 4-6 hours. 

In the northern plains, spiral dust events tend to be 
seen in the spring and summer seasons and resemble 
terrestrial polar lows “cold fronts”. Those seen during 
late northern summer tend to resemble terrestrial baro-
clinic fronts and are accompanied by condensate 
clouds, traveling eastward at about 12-15 m/s for sev-
eral days before dissipating. Still other storms develop 
in the low laying regions where atmospheric conditions 
are optimized for dust lifting (e.g., plains on the wind-
ward side of Olympus and Elysium Mons and Alba 
Patera, in Hellas and Argyre Basins, in Chryse Planitia, 
ect…).  

Dust storms such as the cross-equatorial events that 
form in Acidalia/Chryse and travel southward follow-
ing the low-lying topography into Valles Marineris, 
also tend to follow a seasonal trend occurring in two 
periods from about Ls = 208°-224° and Ls = 315°-333°; 
see Figure 4. They appear to be associated with the 
strengthening of the Hadley circulation during the 
southern spring and summer seasons. These storms are 
part of a class of large dust events referred to in the 
scientific literature as “Regional” dust storms because 
of their great extent and duration (> 3 sols). Though 
limited in number with a few 10s of regional storms 
occurring per Martian year, their size, duration, and 
unrestricted seasonality make them ideal tracers of 
atmospheric circulation for global mapping investiga-

tions. MOC has used this capability to observe for the 
first time the north-to-south cross-equatorial circulation 
associated with the lower-branch Hadley circulation in 
the Chryse/Valles Marineris region (as noted above), as 
well as, the general circulation at high latitudes in both 
hemispheres. At present our understanding of regional 
storms is fairly limited. Analysis of the historical re-
cords suggested that regional dust storms occur in all 
seasons, but are absent during two periods of the year 
Ls = 130°-160° and Ls = 330°-20°. Recent MOC obser-
vations suggest that this later time period may be even 
shorter (Ls = 0°-20°). As for why some local storms 
become regional is unclear, but WA images suggest 
that about half of the larger regional storms may form 
from the merge of two or more active local storms.  

 

 
 
Figure 2. Latitudinal distribution of dust storms as a 

function of Ls. Comparison of the MOC wide-angle red filter 
observations taken during the first Mars year (top) [1] and 
the second Mars year (bottom) with Viking Orbiters’ infrared 
and visible observations [2, 3] and historical ground-based 
observations [4]. Solid line corresponds to the subsolar lati-
tude. 
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Figure 3.  Semi-diurnal evolution of summertime, 
local dust events in the southern hemisphere. 

 

 
 

Figure 4. Cross-equatorial dust storm observed during 
northern winter. 
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The largest and rarest of dust phenomena on Mars 
are referred to as the “Great Storms” or “Global 
Storms”.  These dust events can encircle the planet in 
specific latitude bands, such as the southern subtropics 
(“planet encircling” storm) or on occasion have been 
observed to enshroud the planet (“global” storm). 
These dust events are quite rare, with only 6 confirmed 
events on record, 4 planet-encircling and 2 global [5]. 
The MGS MOC global imaging investigation has pro-
vided the first comprehensive planet-wide views of 
almost the entire development of the 2001 global 
“planet enshrouding” dust event. Such global mapping 
has led to new insights into the initiation and evolution 
of these global atmospheric phenomena, as well as 
place constraints on model predictions. With MOC we 
have observed that global dust events are not individual 
storms but are composed of a number of local and re-
gional storms (sources). The storms that created the 
planet-encircling dust veil lasted from a few days to a 
few months, as in the case of the Syria-Claritas re-
gional storm, which lasted for over 3 months in the 
same location. It was the dust raised into the upper 
atmosphere by the larger, longer-lasting storms that 
appears to have stimulated further storm activity across 
the planet, possibly due of diabatic heating of atmos-
pheric dust, and are also responsible for the planet-
encircling dust veil. MOC also observed that the 
storms responsible for the initiation of the start of the 
“planet-encircling dust activity” did not form in the 
southern subtropics, but developed in the mid-latitudes 
adjacent to the receding south polar cap. These storms 
then traveled northward into the subtropics, which is 
consistent with the class of global storm generating 
mechanism models that emphasize enhancement of the 
planetary scale circulation [6]. The effects of the 
planet-encircling dust activity on the Martian climate 
are at best minimal, in fact, dust storm and condensate 
cloud activity returned to their normal predictable sea-
sonal behavior within a few months of the ending of 
the planet-encircling event. 

Though dust storms occur throughout the Martian 
year and across most of the planet, there are regions 
and times where dust activity was at a minimum or 
non-existent; see Figure 2. One region where MOC has 
observed no dust activity over the past 3 Martian years 
is Arabia Terra. In the Northern Hemisphere, the pe-
riod of minimum dust activity occurs during northern 
fall between about Ls = 235°-270°. In the southern 
hemisphere, there appears to be three periods of mini-
mum dust activity, the most significant occurs while the 
seasonal south polar cap is forming between about Ls = 
65°-130°. The other two occur during southern summer 
between about Ls = 275°-290° and Ls = 313°-340°. 

Because of the lingering effects of the planet-encircling  
dust veil of 2001, MOC was not able to confirm 
whether the period of minimum dust activity in the 
Northern Hemisphere was repeatable from year-to-
year. The periods of minimum dust activity in the 
Southern Hemisphere have been fairly repeatable, with 
the exception that the southern fall/winter minimum 
was of shorter duration (by about two months) in 2002. 
Possibly the result of the redistribution of surface dust 
caused by the long-lived (90-sol duration) dust storm in 
the Syria-Claritas region, part of the planet-encircling 
dust activity of 2001.  

In summary, MOC has observed that dust events 
follow general seasonal cycles that are reproducible 
from one year to the next and that global dust events do 
not signify climatic changes, but are only short-term 
perturbations to the interannual repeatable dust and 
condensate cloud cycles of Mars.   
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ENIGMATIC LANDFORMS IN CYDONIA: GEOSPATIAL ANISOTROPIES, BILATERAL
SYMMETRIES, AND THEIR CORRELATIONS.  M. J. Carlotto, Veridian Systems Division, 705 Broughton
Dr., Beverly MA 01915 (mark.carlotto@veridian.com)

Introduction: Geospatial terrain statistics and ob-
ject symmetries of enigmatic landforms in Cydonia are
examined and correlations identified. Analysis of Vi-
king image-derived MDIM data (1/256 deg./pixel)
over Cydonia (37.5-42.5° N and 4.5-15.5° W) shows
directional anisotropies in the spatial autocorrelation
(variogram) at medium to long wavelengths (10-100
km.). One is in the direction of the crustal dichotomy
in this part of Mars (~ 64.6°, or ~25.4° north of east),
along with two others at 103.7° and 164.2°. Anisot-
ropies in similar directions at shorter wavelengths
(down to tens of meters) are evident in the variograms
of Viking, THEMIS, and MGS images within this area.
The spatial autocorrelation structure of selected re-
gions in Viking images show indications of rectilinear
geometry (directional anisotropies approximately 90
deg. apart) similar to that of highly eroded terrestrial
archaeological ruins. Previous analyses of THEMIS
and MGS imagery reveal a high degree of bilateral
symmetry in several landforms. We show the axes of
symmetry are roughly in line with the directional ani-
sotropy at 164.2° noted above.

Geospatial Statistics: Variograms describe corre-
lations in spatial data. The variogram of an image
i x y( , )  is:
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for stationary random processes. The variogram and
the autocorrelation function are related
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the autocorrelation function is computed using the Fast
Fourier Transform (FFT):
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The image formation model [1] relates the spatial sta-
tistics of an image to its underlying terrain surface. We
are interested in the correlation structure of the terrain,
specifically in its directional anisotropy. The autocor-
relation function in polar coordinates is R r( , )θ  where

r u v= +2 2  and θ = ( )−tan 1 v u . The polar distribu-
tion function

F r r R r dr
r

r

θ θ1 2

1

2

, ( , )( ) = ∫

expresses directional correlations in spatial data over a
given scale range. Peaks in the angular distribution
indicate directions along which correlations exist in the
terrain.

Mars Crustal Dichotomy: MDIM data provide
the appropriate spatial scale to illustrate long term di-
rectional trends in the terrain (Fig. 1a). The MDIM
autocorrelation function is shown in Fig. 1b with a
polar plot showing directional anisotropies for
9 115< <r  km. Three peaks occur at 64.7±2.5°,
103.2±3.9°, and 164.0±0.9°. The first (direction  A)
corresponds to the direction of the crustal dichotomy in
this part of Mars [2].  The other two directions (B and
C) are referenced later in the paper.

Fig. 1a Mosaic of two MDIM images at 1/256 degrees/pixel
(231 m/pixel) in sinusoidal equal-area projection.
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Fig. 1b Polar plot of MDIM autocorrelation function com-
puted over distances of 9-115 km.

Shorter Scale Correlations: Anisotropies in similar
directions at shorter wavelengths (down to tens of me-
ters) can be found in the autocorrelation functions of
THEMIS, Viking, and MGS images within this area.
Fig. 2a shows two sections of  a THEMIS image strip.
This area is toward the northeast corner of the MDIM
image in Fig. 1. A directional anisotropy exists in the
autocorrelation at 153.5±3.7° over distances of 2-25
km (Fig. 2b). This is approximately 90° away from the
direction of the Mars crustal dichotomy (direction A).

Fig. 2a Two sections of THEMIS image 20020413a over
Cydonia

Fig. 2b Polar plot showing directional anisotropies in
THEMIS image over distances of 2-25 km.

Fig. 2c Directions 149.8° and 157.2° (153.5±3.7°) overlaid
on portion of THEMIS image

In Fig. 2c the directional interval 153.5±3.7° is repre-
sented by the two arrows overlaid on the portion of the
THEMIS image strip which includes the two enigmatic
landforms known as the D&M Pyramid and Face [3].
Both of these objects possess a high degree of bilateral
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symmetry (Fig. 3) with their axes of symmetry closely
lined up with the 153.5±3.7° anisotropy.

"D&M Pyramid" from
THEMIS image 20020413a "Face" from MGS image

E1701041
Fig. 3 Enigmatic landforms rotated so that their axes of
symmetry are in the vertical direction

Analysis of Viking orbiter imagery (Fig. 4) reveals
spatial correlations at 48° and 167.7±2.5° between 2.5-
10 km. that coincide roughly with those seen in MDIM
and THEMIS images.

Fig 4a Mosaic of map projected Viking frames from orbit 35
over an area showing evidence of rectilinear organization

Fig. 4b. Portion of map projected Viking frame 35A72 show-
ing  the enigmatic landform known as the "City"

Fig. 4c Polar plot showing directional anisotropies in Viking
images over distances of 2.5-10 km. (Peaks at 0° and 90° are
edge artifacts that are a result of FFT processing.)

Finally in Fig. 5 we show a portion of an MGS image
near 39.95° N 14.8° W containing small bumps ori-
ented at 52.7±6.7° over scales of 150-580 meters. This
area is about 250 km. away from the Cydonia land-
forms, in the southwest corner of the MDIM image in
Fig. 1.

Fig. 5a Portion of MGS image SP249604 (area shown in
about 1.4 sq. km.)

Fig. 5b Peak in polar plot of MGS autocorrelation function at
52.4±6.7°
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Discussion: The results presented here lead naturally
to three questions:
1) Why do directional anisotropies exist over such a
wide range of spatial scale?
2) Why are some of them about 90° apart?
3) Why do their directions coincide roughly with the
axes of symmetry of several enigmatic landforms in
Cydonia?
While the Null Hypothesis -- that these correlations
have a natural (geological) interpretation -- is to be
preferred over others, we offer the hypothesis that this
collection of features may represent the eroded remains
of ancient archaeology on Mars. Fig. 6 shows an aerial
image over an eroded site on the South coast of Peru
[4]. Its rectilinear pattern of organization leads to a
correlation structure with directional anisotropies 90°
apart. Similar correlation signatures are observed in
Cydonia.

Fig. 6a Aerial view eroded archaeological site (La Centinela,
Peru)

Fig. 6b Polar plot of spatial autocorrelation of La Centinela
showing anisotropies about 90 degrees apart. Note angle
difference differs from 90° in this image due to perspective
foreshortening.

Following Sagan's criteria for detecting signs of
planetary intelligence [5], deviation from fractal be-
havior was proposed as a measure for detecting
anomalous (possibly artificial objects) in terrestrial [6]
and planetary imagery. Positive detections were ob-
tained in medium resolution Viking imagery over se-
lected features in Cydonia [7].

The correlations described in this paper may be re-
lated to earlier fractal indications of artificiality in Cy-
donia. Although the alignment of the geospatial anom-
aly with the crustal dichotomy suggests a natural ex-
planation, the origin of the dichotomy itself is not well
understood. Furthermore, an explanation of the dichot-
omy would also have to explain the wide range of
scales (102-105 meters) spanned by the anomaly,
alignments in other directions (some about 90° apart),
and their alignment with the symmetry axes of the
"Face" and "D&M Pyramid".

References: [1] Pentland, A.P., and Kube, P.
(1988), IEEE Trans. PAMI 10, 704-707. [2] Catter-
mole, P. (1992), Mars - The Story of the Red Planet,
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Applied Optics 27, 1926-1933. [4] Bridges, M. (1991),
Planet Peru, 83, Kodak/Aperture. [5] Sagan, C.
(1975), Proc. Royal Society 189, 143-153. [6] Stein,
M. C. Proc. SPIE 845, 293-300. [7] Carlotto, M.J. and
Stein, M. C., (1990) JBIS 43, 209-216.
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Introduction:   
The Thermal Emission Spectrometer (TES) on 

Mars Global Surveyor has detected deposits of coarse-
grained, gray crystalline hematite in Sinus Meridiani, 
Aram Chaos, and Vallis Marineris [1]. Detailed 
features in the hematite spectral signature of the Sinus 
Meridiani region show that the spectrum is consistent 
with emission dominated by crystal c-faces of hematite, 
implying that the hematite is specular [2]. Gray 
specular hematite (also known as “specularite”) is a 
particular gray crystalline form that has intergrown, 
hexagonal plates with a silvery metallic luster. We 
believe that the key to the origin of specularite is that it 
requires crystallization at temperatures in excess of 
about 100°C. In reviewing the occurrence of gray 
hematite on Earth, we find no exceptions to this warm 
temperature requirement [3]. Thermal crystallization 
on Mars could occur (1) as diagenesis at a depth of a 
few kilometers of sediments originally formed in low-
temperature waters, or (2) as direct precipitation from 
hydrothermal solution. Aram Chaos has unique chaotic 
terrain that offers more clues to the formation of the 
hematite than the relatively featureless flat terrain (as 
seen from orbit) of Sinus Meridiani. Aram Chaos 
provides the opportunity to look at a combination of 
TES data, Mars Orbiter Camera images, and Mars 
Orbiter Laser Altimeter (MOLA) topography. This 
combination of data suggests that high concentrations 
of hematite were formed in planar strata and have since 
been exposed by erosion of an overlying light-toned, 
caprock. Lesser concentrations of hematite are found 
adjacent to these strata at lower elevations, which we 
interpret as perhaps a lag deposit. The topography and 
the collapsed nature of the chaotic terrain favor a 
hydrothermally charged aquifer as the original setting 
where the hematite formed. An alternative sedimentary 
origin requires post-depositional burial to a depth of 
~3-5 km to induce thermally driven recrystallization of 
fine-grained iron oxides to coarse-grained hematite.  

 
How does gray hematite form on Earth?:  We 

can consider formation in (a) igneous (b) sedimentary 
and (c) hydrothermal environments.  

(a) Igneou environments. Gray hematite 
cannot be a directly ascended, igneous rock (a “lava”) 
because the magmatic oxygen fugacity on Mars is 
unlikely to ever lie in the hematite stability field. 
Hematite is not plausible because the oxygen fugacity ( 

fO2) is vastly lower (~4 to 8 orders of magnitude) than 
the magnetite-hematite buffer, based on redox-sensitive 
geochemical indicators in Martian meteorites [4,5]. 
Where hematite occurs in so-called “igneous” 
environments on Earth, such as Kiruna-type ores (e.g., 
El Laco in Chile),  fluid inclusions containing chlorides 
and anhydrite and field observations suggest 
hydrothermal alteration of the host rock [6,7]. For 
example, specular hematite in volcanic rocks of Pilot 
Knob in the St. Francois Mountains (Missouri) is 
clearly hydrothermal, given the occurrence of hematite 
veins (some as much as 3 m in width), cavity fills, and 
mineral like tourmaline that are indicative of warm 
temperatures [8]. High temperature oxidation of basalt 
in O2-rich terrestrial air can produce thin coatings of 
gray hematite [9], but it is doubtful if the early Martian 
atmosphere has sufficient O2 to make this a realistic 
scenario; also if atmospheric oxidation were all that 
were required for specular hematite, it would be 
ubiquitous on Earth and Mars rather than occuring in 
unique geological predicaments. 

(b) Sedimentary formation. Gray hematite does not 
form directly from a low-temperature aqueous solution. 
Instead, fine reddish-colored iron oxides form, usually 
goethite (FeOOH). So-called “sedimentary” deposits of 
specularite require diagenesis where sediments have 
been heated at depth to greater than ~100°C., causing 
recrystallization of fine-grained iron oxides to coarse-
grained gray hematite. For buried sediments at 
moderate depths, water is either bound in chemical 
compounds or adsorbed onto the iron oxide grains. 
Porosity and permeability are small and fluids “fight” 
their way out, which yields the approximate assumption 
that the pore-fluid pressure approaches the lithostatic 
pressure. Thus iron oxide dehydration and hematite 
recrystallization will occur at a depth where the 
geotherm intersects the dehydration line for bound 
water. Fig. 1 shows a thermodynamic calculation using 
the data of [10]. Assuming a typical megaregolith 
conductivity of 2.5 W m-1 K-1  and an early Mars 
geothermal gradient gives the depth of intersection 
(dashed line assumes a geothermal heat flux of 50 mW 
m-2; solid line, assumes a geothermal heat flux of ~80 
mW m-2). The depth of burial is 3-5 km of overburden 
matieral, which is difficult to reconcile with commonly 
inferred Martian geological processes.  
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Fig. 1: Stability fields of goethite (FeOOH) and 
hematite (Fe2O3) as a function of temperature and H2O 
pressure. The latter can be taken as being 
approximately equal to the lithostatic pressure, giving 
the equivalent subsurface depth. At depth, hydrous iron 
oxides (typified by goethite) recrystallize to coarsely 
crystalline hematite due to heating (see text). 
 
That thermal transformation is needed is borne out by 
all terrestrial field observations [3]. As an example, 
specularite (with 50-100 µm-sized platy crystals) in the 
the Brockman Formation, part of the Hamersley Range 
in Western Australia, formed at temperatures ~140°C 
on the basis of oxygen isotopes [11]. This temperature 
is consistent with the estimated maximum temperature 
of 205-325°C from an estimate of the burial depth. If 
the origin of the coarsely crystalline hematite on Mars 
started with aqueous deposition in a standing body of 
water, this must have been followed by either deep 
burial up the geothermal gradient or some other large-
scale thermal perturbation due to igneous activity.  
 
(c) Hydrothermal formation.  

Gray, platy hematite can form directly in 
hydrothermal solution. Small crystals have larger vapor 
pressures and greater solubility than larger crystals. 
Thus, the response to heating is grain growth because 
at higher temperatures bigger crystals are more stable. 
Also, when a Fe(OH)3 gel is formed from aqueous 
oxidation at warm temperatures (i.e., closer to 100°C 
rather than room temperature), it is found that there 
tend to be more hematite nuclei present, which leads to 
large hematite platelets (several microns or tens of 
microns) in subsequent aging to coarse hematite 
crystals. This is borne out by several laboratory studies 
that show a temperatures >100°C is required, with the 
exact temperature depending on pH and pressure 
[12,13]. In the field, specularite occurs hydrothermally, 
around fumaroles, for example, the Valley of Ten 
Thousand Smokes in Alaska. Here fumaroles 
developed on hot ash-flow tuff that fell on top of the 

water and ice of preexisting rivers, lakes and glaciers. 
It has been suggested that specularite froms from FeCl3 
vapor upon contact with water vapor to form fumarolic 
specular hematite deposits. Ferric chloride has a high 
vapor pressure is readily transported in the vapor phase 
above 200°C where it can react with water vapor and 
form hematite: 

 
2FeCl3(g) + 3H2O(g) = Fe2O3(s) + 6HCl(g) 

 
Fig. 2 shows a summary of pathways to gray hematite. 
 
Aram Chaos: geomorphology of thehematite  

 
 [1] report the presence of a gray hematite 

zone in the north-east quadrant of Aram Chaos. Aram 
Chaos (21°W, 2°N) is an isolated area of chaotic 
terrain contained completely within an eroded and 
largely infilled crater.  It forms part of the larger 
occurrence of chaotic terrain to the east of Vallis 
Marineris between 10 to 50°W and 20°S to 10°N. 
Chaos regions on Mars are areas where jumbled arrays 
of blocks have apparently been produced by collapsed 
ground. Chaotic terrain (and several box canyons) 
serve as the source regions for large out-flow channels 
that generally flow northwards and converge in the 
northern lowlands, principally Chryse Planitia. We now 
examine the geology and topography of Aram Chaos in 
some detail.  

We examined the topography of Aram Chaos 
from Mars Orbiter Laser Altimeter (MOLA) data. 
MOLA tracks across the hematite-rich region in Aram 
Chaos show that the crystalline hematite is typically 
confined between about -3000 m and -2500 m 
elevation relative to the Martian geoid defined by the 
MOLA team. The TES spectral signature is weak at 
elevations close to -3000 m. The maximum signal 
occurs around -2600 m, equivalent to topographic 
benches in the MOLA topography. We interpret the 
lesser concentrations of hematite found at elevations up 
to a few hundred meters below this level as most likely 
a lag deposit from physical weathering. The individual 
tracks show that hematite does not occur above about -
2500 m elevation. Thus, where the topography rises 
above this evevation, a break occurs in the hematite 
signal. 

Correlation of the TES gray hematite location 
in Aram Chaos with MOLA topographic mapping and 
imaging by MOC allows us to characterize the 
morphology and local stratigraphy of this material. 
Wide angle MOC images show that much of Aram 
Chaos' interior is surfaced by a prominent light-toned 
caprock.   
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Fig. 2. Chemical pathways for the formation of gray crystalline hematite. Two main routes are shown: (1) low-
temperature precipitation followed by hydrothermal processing (2) direct hydrothermal formation. Redox balance 
requires that the production of an oxidized species, hematite, be balanced by stoichiometric reductant, such as 
hydrogen. A dashed sub-pathway shows the likely effect of microbial biology, if it ever existed on early Mars. 
 
 

Fig 3. shows that scarp-bounded outliers of 
the caprock (labeled 'C') occur to the east of a main 
outcrop (not shown, left of the image), which suggests 
that caprock was once more extensive. Bounding 
scarps of caprock material exhibit step benches in 
MOC NA images, which we interpret to be due to the 
differential erosion of horizontal discrete layers.  
Locally, the upper caprock surface immediately above 
the hematite deposit is relatively smooth at the scale 
resolvable in MOC NA images (Fig. 3). The main gray 
hematite-bearing material emerges from beneath the 
caprock.  The hematite deposit itself also shows 
alternating benches and steps, inferred to be an 

erosional expression of layering.  The hematite-bearing 
outcrops always appear to be heavily etched and pitted 
on decameter scales, with some fluting in MOC NA 
images.  These outcrops generally do not extend 
beyond 10-15 km of the last occurrence of the caprock, 
from which we speculate that it is more susceptible to 
erosion than is the caprock.  It is reasonable to infer 
that the hematite-bearing rock is much more extensive 
than its exposures, where protected by caprock.  
Laterally beyond and topographically below the 
bounding scarps of the hematite-bearing rock outcrop 
is a surface ubiquitously covered by duneforms (Fig. 
3).  There is a detectable weak presence of hematite in 
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this “duneform” material.  If the duneform material is 
composed of relatively recently formed sand dunes 
whose sands were derived from the erosion of the 
hematite-bearing material, then the hematite-bearing 
deposit is probably not well consolidated and 
composed of individual sand-sized grains of 
predominantly basaltic composition. Presumably, the 
abrasion of sands in the dunes of the duneform material 
fairly quickly mutes or destroys the hematite signature.  
However, the evidence for the duneform deposit being 
stratigraphically superposed is not absolutely 
unequivocal.  These “dunes,” if in fact that is what they 
are, could be “fossils” exhumed from beneath the 
hematite material.  

 
 
Fig. 3. Portion of MOC narrow angle image M19-
01361, centered at ~3.5°N, 20.6°W. 
 

Groundwater release and structural failure is a 
plausible explanation for how the apparently collapsed 
ground of Martian chaotic terrain formed [14]. 
Presumably, such release would be triggered by 
tectonic or geothermal activity. Thus the geology and 
topography of Aram Chaos is consistent with the 
formation of gray hematite due to the confinement and 
subsequent release of a hydrothermal aquifer. Possible 
terrestrial analogs are the Proterozoic brecciated zones 
in northern Yukon, Canada [15]. Here, breccia was 
generated by explosions of volatile-rich fluids within 
the crust, most probably caused by igneous intrusions 
at depth. Hydrothermal fluids shattered large volumes 
of rock. The Yukon breccia zones, collectively called 
Wernecke Breccia, cover an area 48,000 km2 and are 
characterized by disseminated specular hematite [15]. 
Massive specularite zones are present in some 

Wernecke breccias. The gray hematite in Aram Chaos 
may have similarly had such a hydrothermal origin. 
 

Conclusion: We conclude that the gray crystalline 
hematite in Aram Chaos most likely resulted from 
hydrothermal activity, given that: 
(1) Thermal processing at temperatures > ~100°C is 

necessary to produce gray crystalline hematite 
based on thermodynamic calculations and bearing 
in mind the warm temperature constraint 
associated with all known occurrences of gray 
crystalline hematite on Earth.  

(2) The chaotic terrain of Aram Chaos is thought to 
have formed by the geothermal melting of ground 
ice or the expulsion of groundwater, causing a loss 
of support and collapse of overlying material. 
Such a geological context would have been 
accompanied and probably preceded by 
hydrothermal activity. 

(3) The topography of the gray hematite region in 
Aram Chaos indicates its occurrence in geologic 
strata within a specific topographic range. This is 
consistent with an ancient aquifer, which at one 
point, we postulate, was hydrothermally charged.  

The observed caprock may be mechanically 
homogeneous and perhaps relatively impermeable, 
such that it confined an aquifer. Also, the erosional 
pitting and etching of the hematite-bearing outcrops 
could be the consequence of a form of cavernous 
weathering, in which fluids passing though such rock 
differentially cement (or uncement) the rock. 
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Introduction:  This paper presents a powerful ap-
proach for analyzing Martian data and for optimizing 
mission site selection based on resource collocation.  
This approach is implemented in a program called 
PROMT (Planetary Resource Optimization and Map-
ping Tool), which provides a wide range of analysis 
and display functions that can be applied to raw data or 
imagery.  Thresholds, contours, custom algorithms, 
and graphical editing are some of the various methods 
that can be used to process data.  Output maps can be 
created to identify surface regions on Mars that meet 
any specific criteria.  The use of this tool for analyzing 
data, generating maps, and collocating features is dem-
onstrated using data from the Mars Global Surveyor 
and the Odyssey spacecraft.  The overall mission de-
sign objective is to maximize a combination of scien-
tific return and self-sufficiency based on utilization of 
local materials.  Landing site optimization involves 
maximizing accessibility to collocated science and 
resource features within a given mission radius.  Mis-
sion types are categorized according to duration, en-
ergy resources, and in-situ resource utilization.  Opti-
mization results are shown for a number of mission 
scenarios. 
 
The optimization of planetary landing sites for human 
exploration missions requires the integration of scien-
tific objectives, mission requirements, in-depth under-
standing of local geography, and knowledge regarding 
the accessibility and availability of local resources.  
Judicious selection of landing sites for the first human 
missions to Mars is of preeminent importance due to 
the economic constraints surrounding any early mis-
sions.  Collocation of indigenous resources that can be 
utilized on early missions will decrease initial launch 
mass and overall mission cost.  A good example is the 
production of propellants (methane/oxygen) from the 
Martian atmosphere, which can be used as fuel for 
crew return vehicles, surface rovers, and auxiliary 
power sources.  Every kilogram of material (chemical 
or mineral) that can be obtained from the Martian envi-
ronment reduces the mass that must be delivered from 
Earth at substantial cost. 

When the landing site for the first human mission to 
Mars is chosen, it will undoubtedly be based on the 
most recent remote sensing and surface data available.  
Organizing, processing, and combining all of this in-

formation in such a way that it can be used for mission 
design and optimization, however, is a major chal-
lenge.  This problem has motivated the development of 
a data management and mission optimization tool, 
called the Planetary Resource Optimization and Map-
ping Tool (PROMT).  This tool (shown in Figure 1) is 
designed to provide a common platform for managing 
data from all sources (including remote-sensed or theo-
retically derived), to process data or images using a 
variety of functions (built-in or user–developed), and 
to perform site selection optimization based on various 
parameters and optimization criteria.  The final output 
from PROMT is typically a global map indicating the 
relative value of potential landing sites based on the 
union of all input data, maps, parameters and con-
straints.   
 
 

 
 

Figure 1:  PROMT Main Display 
 
Approach:  The meaning of “optimality” for a human 
Mars mission, depends on many factors which charac-
terize the nature of the mission.  In this paper, missions 
to Mars are described using a three-axis matrix.  Each 
mission scenario can be categorized according to the 
duration of the surface mission, the power available, 
and the amount of in-situ resource utilization that will 
be performed.  These mission qualities affect a number 
of other parameters, which, in effect, determine the 
relative importance of different data in determining the 
optimal landing site.  PROMT enables the user to per-
form site selection optimization for a wide range of 
mission scenarios.  Some of the important Mars mis-
sion scenarios are listed in Table 1 and described fur-
ther in the paper. 
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Landing Site 

Selection 

Raw Data (Remote Sensing, Theoretical, Calculated)

Baseline Maps 

Mission Spe-
cific Map 

Masks (0/1)

Optimization 
Run 

Mission Spe-

cific Parame-

ters & Con-

straints 

Composite 
Maps 

Optimal Solu-
tion Maps 

Raw Data 
& Maps 

Import Functions 

Processing

Processing

Category Name Description 
000 Sprint 

Robotic, Opposition, Plant the Flag 
111 Robust NASA High Energy, Limited Resource 

Utilization 
112 ISRU High Energy, Focus of Resource 

Utilization 
113 Drilling 

High Energy, Access the Subsurface 
121 All-Solar Low Energy, Limited Resource 

Utilization 
222 Self-Sufficient Live-off-the-Land for Power & 

Consumables 
213 Infrastructure Long Stay, High Energy, Serious 

Resource Development 
223 Independence Self Sufficient Mission with Subsur-

face Resources 
323 Growth Independent Mission and Commit-

ted to the Planet 
333 Colony Permanent Habitation with Sustain-

able Resources 

 
Table 1:  Mars Mission Scenarios 

Although PROMT was initially designed to address 
human Mars missions, it uses a generalized approach 
that is equally applicable to robotic missions, or even 
missions to other planetary bodies for which data is 
available. 
 
The overall optimization process is outlined in Figure 
2.  Typically, the inputs to the optimization are a com-
posite map of local resources, a composite map of sci-
entific sites of interest, a mission (or landing) con-
straint matrix, and additional parameters specific to the 
mission scenario (such as exploration radius).  Various 
performance functions can be selected, and the optimi-
zation is executed.  The final output is an intensity map 
showing the relative value of each mission site.  The 
entire process can be customized to each mission sce-
nario through custom map generating sequences, ad-
justing the relative weights for each resource or sci-
ence map, and through the parameters that are used 
throughout the design.  The challenge for the user is to 
understand the constraints and objectives of a particu-
lar mission, and to program the appropriate sequence, 
specialized functions, and parameters into PROMT.   
 
A wide range of possible input map types are possible, 
including raw imagery, parametric data on a lati-
tude/longitude grid, or highly processed data that high-
lights specific features of qualities of interest.  For this 
study, a composite science map was created from the 
union of scientific points of interest, including regions 
depicting the Outflow Channels, the Valley Networks, 
distinct Hematite regions, and regions with “recent” 
channelized erosion from high resolution photography.   
This map is shown in Figure 3.  Notice that the highest 
intensity regions are those encompassing the greatest 
number of adjacent or overlapping sites of interest. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2:  PROMT Optimization Flow Chart 

 
 
 

 
 

Figure 3:  Science Composite Intensity Map 

An example of a highly processed input map for the 
optimization is the Safe Landing Constraint Map as 
shown in Figure 4.   This map is based on the con-
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straint of landing on a low slope region (< 3 degrees in 
this case), away from the polar caps (+/- 75 degrees 
latitude), and accounting for a landing error uncer-
tainty (assumed to be 100 km).   The admissible land-
ing locations, shown in white, are computed by apply-
ing the above constraints to slope data derived from 
planet-wide altimetry data. 
 

 
 

Figure 4:  Safe Landing Constraint Map 

Typical resource maps are show in Figures 5 and 6.  
The Composite Water Intensity Map indicates the col-
location of indicators for the presence of accessible 
water on or near the surface (based on latitude and 
neutron emission data from the Odyssey spacecraft).   
The High Atmospheric Density Map indicates the po-
tential for atmospheric mining of Oxygen, Carbon, and 
Argon in order to produce breathable air, and to pro-
vide oxidizer and fuel for launch vehicles, rovers, and 
power generators.  Atmospheric processing in these 
regions would require the least amount of energy to 
extract a usable supply of these resources. 
 

 
 

Figure 5:  Composite Water Intensity Map 

 

 
 

Figure 6:  High Atmospheric Density 

Similar constraint or intensity maps can be generated 
for all types of resources, including solar or surface-
based energy, consumables, building material, miner-
als, launch-site compatibility, radiation protection, etc. 
 
Results:  Mission optimization includes an appropriate 
set of resources and constraints consistent with a given 
mission scenario (from Table 1).  This is combined 
with scientific or mission objectives to generate a final 
“mission performance” map.  The final step in the op-
timization process is to examine every admissible site 
on the planet surface, and determine its relative merit 
on the basis of mission performance (science return 
and resource utilization).   Associated with each mis-
sion scenario is an assumed exploration radius.  The 
optimization integrates the performance map within 
this given radius of every potential landing site.  An 
example of the resulting map is shown in Figure 7.   
 

 
 

Figure 7:  Landing Site Optimization for the NASA 
Robust Mission Scenario 

The brightest points on this map correspond to the best 
landing sites for the parameters and input maps associ-
ated with one specific mission scenario.  Similar re-
sults can be obtained for a wide range of mission sce-
narios, while taking into account the constraints, sci-
ence objectives, and resource requirements specific to 
that mission.  As new planetary data is obtained, and 
as mission parameters become better defined, this in-
formation can be readily incorporated into a new mis-
sion optimization using PROMT.   
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THE MARS EXPRESS MISSION AND ITS BEAGLE-2 LANDER  
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SCI-SB, Postbus 299,  2200 AG Noordwijk, The Netherlands (email: agustin.chicarro@esa.int). 
 
 

The European Space Agency and the scientific community have performed concept and feasibility 
studies for more than ten years on potential future European missions to the red planet (Marsnet, Inter-
marsnet), focusing on a network of surface stations complemented by an orbiter, a concept which is being 
implemented by the CNES-led Netlander mission to be launched in 2005. Before that, however, the ESA 
Mars Express mission includes an orbiter spacecraft and a small lander module named Beagle-2 in re-
membrance of Darwin’s ship Beagle. The mission, to be launched in 2003 by a Russian Soyuz rocket, 
will recover some of the lost scientific objectives of both the Russian Mars-96 mission and the ESA In-
termarsnet study, following the recommendations of the International Mars Exploration Working Group 
(IMEWG) after the failure of Mars-96, and also the endorsement of ESA's  Advisory Bodies that Mars 
Express be included in the Science Programme of the Agency. 

The specific scientific objectives of the Mars Express orbiter are: global high-resolution imaging with 
10 m resolution and imaging of selected areas at 2 m/pixel, global IR mineralogical mapping, global at-
mospheric circulation study and mapping of the atmospheric composition, sounding of the subsurface 
structure down to the permafrost, study of the interaction of the atmosphere with the surface and with the 
interplanetary medium as well as radio science. The goals of the Beagle-2 lander are: geology, geochemis-
try, meteorology and exobiology of the landing site. 

The scientific payload on the Mars Express orbiter includes a Super/High-Resolution Stereo Colour 
Imager (HRSC), an IR Mineralogical Mapping Spectrometer (OMEGA), a Planetary Fourier Spectrometer 
(PFS), a Subsurface-Sounding Radar Altimeter (MARSIS), an Energetic Neutral Atoms Analyser 
(ASPERA), an UV and IR Atmospheric Spectrometer (SPICAM) and a Radio Science Experiment 
(MaRS). The Beagle-2 lander includes a suite of imaging instruments, organic and inorganic chemical 
analysis, robotic sampling devices and meteorological sensors (see Table). 

The Mars Express mission will address the issue of astrobiology on Mars both directly and indirectly. 
The majority of instruments on the orbiter will look for indications of favourable conditions to the exis-
tence of life, either at present or during the planet’s past, and in particular for traces of liquid, solid or 
gaseous water. Therefore, the HRSC camera will take pictures of ancient riverbeds, the OMEGA spec-
trometer will look for minerals with OH- radicals formed in the presence of water, the MARSIS radar will 
look for subsurface ice and liquid water, the PFS and SPICAM spectrometers will analyse water vapour in 
the atmosphere, and finally ASPERA and MaRS will study neutral atom escape from the atmosphere, in 
particular O2 coming from water and carbonates. The instruments on Beagle-2 will also look for the pres-
ence of water in the soil, rocks and the atmosphere, but will also try to find traces of life with direct meas-
urements, such as presence of methane (CH4) indicative of extanct life and a larger amount of the light C12 
isotope compared to the heavier C13, which would even indicate the existence of extinct life. Since 
NASA’s Viking mission in 1976, it is the first time that the exhaustive search for life is so central to a 
space mission to Mars. 

Current design estimates allow for an orbiter scientific payload of about 110 kg and 65 kg total lander 
mass (at launch) compatible with the approved mission scenario. The Beagle-2 lander was selected due to 
its innovative scientific goals and challenging payload. Beagle-2 will deploy a sophisticated robotic-
sampling arm, which could manipulate different types of tools and retrieve samples to be analyzed by the 
geochemical instruments mounted on the lander platform. One of the tools to be deployed by the arm is a 
‘mole’ capable of subsurface sampling to reach soil unaffected by solar-UV radiation, another is a 
corer/grinder to reach the rock under the weathering varnish. 
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A Soyuz-Fregat launcher will inject a total of about 1200 kg into Mars transfer orbit in early June 
2003, which is the most favorable launch opportunity to Mars in terms of mass in the foreseeable future. 
The Mars Express orbiter is 3-axis stabilized and will be placed in an elliptical martian orbit (250 × 10142 
km) of 86.35 degrees inclination and 6.75 hours period, which has been optimized for communications 
with Beagle-2, the Netlanders, as well as NASA landers or rovers to be launched both in 2003 and 2005. 
The Beagle-2 lander module will be independently targeted from separate arriving hyperbolic trajectory, 
enter and descend through the martian atmosphere in about 5 min, and land with an impact velocity <40 
m/sec and an error landing ellipse of 100 × 20 km. A preliminary Beagle-2 landing site has been selected 
in the Isidis Planitia area (10.6° N, 270° W). The nominal mission lifetime of one martian year (687 days) 
for the orbiter investigations will be extended by another martian year for lander relay communications 
and to complete global coverage. The Beagle-2 lander lifetime will be of a few months. 

ESA provides the launcher, the orbiter and the operations, while the Beagle-2 lander is delivered by an 
UK-led consortium of space organizations. The orbiter instruments are provided by scientific institutions 
through their own funding. In addition to relaying the data from the Beagle-2 lander to Earth, Mars Ex-
press will also service landers and rovers from other agencies during its nominal/extended lifetime. The 
ground segment includes the ESA station at Perth, Australia, and the mission operations centre at ESOC. 
The Mars Express mission is now in Phase-C/D, with Astrium (formerly Matra Marconi Space) in Tou-
louse, France, as its Prime Contractor and involving a large number of European companies. 

International collaboration, either through the participation in instrument hardware or through scien-
tific data analysis is very much valued to diversify the scope and enhance the scientific return of the mis-
sion, such as NASA’s major contribution to the subsurface-sounding radar, and the use of its DSN for 
increased science data downloading and critical manoeuvres. Also, arriving at Mars at the very end of 
2003, Mars Express will be followed by the Japanese Nozomi spacecraft a few days later. Both missions 
are highly complementary in terms of orbits and scientific investigations; Nozomi focusing on the study of 
the upper atmosphere of Mars as well as the interaction of the solar wind with the ionosphere from a 
highly elliptic equatorial orbit. Close cooperation, including scientific data exchange and analysis, is fore-
seen by the Nozomi and Mars Express teams within a joint ESA-ISAS programme of Mars exploration. 

For more details on the Mars Express mission and its Beagle –2 lander: 
 http://sci.esa.int/marsexpress/ and http://www.beagle2.com/ 
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Table: MARS EXPRESS SCIENTIFIC PAYLOAD 

Acronyms Instruments Principal  
Investigators 

Countries 

    
Orbiter 

HRSC Super/High-Resolution Stereo Col-
our Imager 

G. Neukum D, F, RU, US, FI, I, UK 

OMEGA IR Mineralogical 
Mapping Spectrometer 

J.P. Bibring F, I, RU 

PFS Atmospheric Fourier  
Spectrometer 

V. Formisano I, RU, PL, D, F, E, US 

MARSIS Subsurface-Sounding  
Radar/Altimeter 

G. Picardi  
& J. Plaut 

I, US, D, CH, UK,DK 

ASPERA Energetic Neutral Atoms  
Analyzer 

R. Lundin & 
S. Barabash 

S, D, UK, F, FI, I, US, RU 

SPICAM UV and IR Atmospheric  
Spectrometer 

J.L. Bertaux F, B, RU, US 

MaRS Radio Science Experiment M. Paetzold D, F, US, A 
Lander 

 
BEAGLE-2 

Suite of imaging instruments, or-
ganic and inorganic chemical 
analysis, robotic sampling devices 
and meteo sensors 

C. Pillinger & 
M. Sims 

UK, D, F, HK, CH 
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ton (Geophysical Laboratory, 5251 Broad Branch Road, N.W., Washington, D.C. 20015-1305, USA, sstew-
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Introduction:  Hypervelocity impacts on Mars in-

ject dust and vapors into the upper atmosphere. If the 
particles (derived from the projectile or surface) are 
widely distributed, impact events could drive intense 
weather patterns and perhaps transient climate change 
on Mars [1]. Recent work on small impact events 
(< 100 m-sized projectiles) find that the mass of dust 
stirred into the troposphere may be equivalent to 
global dust storms [2]. For ~10 to ~100 km-sized im-
pactors, dust and greenhouse vapors may be delivered 
to the upper troposphere and lower stratosphere, where 
the long residence time has the potential for regional or 
even global effects on the weather. 

In this work, we investigate the mechanisms that 
control the dispersion of dust injected into the upper 
troposphere from large impact events, using a high-
resolution global atmospheric dynamics model. The 
spreading rates, dispersal extent, and the potential for 
weather and climatological perturbations from both 
medium-sized (~10 km) impactors and giant (~100 
km) impactors are studied. The overarching goals in 
this study are to identify locations of persistent con-
centrations of aerosols and to estimate the smallest 
impact which may generate transient rainfall on Mars.   

Approach: We start the atmospheric simulations 
several minutes after the impact, when the ejecta 
plume is a few times larger than the final crater diame-
ter (Fig. 1). The shock from the impact propagates 
radially outward from the impact site through an at-
mosphere initialized with balanced zonal winds, which 
are representative of the seasons — e.g., northern win-
ter (Ls = 270 to 300) at ~50 km altitude (Fig. 2) [3]. 
The Mars Orbiter Laser Altimeter (MOLA) topogra-
phy is included in the simulations.  The combination of 
shock, nonlinearly evolving wind, and topography 
redistributes the initial ejecta plume.  Here, we restrict 
out attention to the dispersal pattern of fine (micron-
sized) particles and neglect radiative heating/cooling 
effects and chemistry in the days immediately follow-
ing the impact event. 

Model Description: At high altitudes on Mars, 
motions are predominantly horizontal, due to the 
strong vertical stability. Hence, features whose lateral 
extent is large compared to the scale height of the at-
mosphere (~10 km) may be modeled with the shallow-
water equations (SWE) [4]. SWE are vertically inte-
grated version of the set of primitive equations of me-

teorology, used in general circulation models (GCMs). 
SWE constitute the simplest atmospheric dynamics 
model which allows the effects of stratification, hori-
zontal compressibility, topography, and differential 
rotation to be included and studied at high spatial reso-
lution over long simulation times. It has been success-
fully used in many stratospheric modeling studies for 
the Earth (e.g., [5]), as well as for the upper tropo-
sphere of the giant planets in our solar system [6].   

To solve the SWE, a highly-accurate pseudospec-
tral algorithm with hyperdiffusion is used, with up to 
1024× 512 grid resolution to resolve small-scale fea-
tures. A large number of simulations (~100) are per-
formed to fully explore the available parameter space 
and to identify the robust features. 

Results:  Our simulations show the following ge-
neric features: 

1. Both the impact shock and variable topogra-
phy produce complex dispersal patterns. 

2. Dispersal patterns from northern impacts are 
simpler compared to the southern impact, due 
to the topographic dichotomy on Mars, as 
emphasized in a recent GCM study of the tro-
pospheric circulation [7]. 

3. The particles from ~100 km and smaller size 
impact craters are dispersed along a narrow 
range in latitude. 

4. The particles from 100’s km impact craters 
are dispersed hemispherically within several 
days.  We find that the efficiency of disper-
sion across the latitudes increases with in-
creasing topographic variability (Fig. 3). 

5. On short timescales (smaller than radiative 
timescales), the equivalent of a basin-forming 
impact is necessary for global dispersion of 
the ejected particles (Fig. 4). 

Discussion: From our simulations, we find that 
modeling of the climatological response from basin-
forming impact events may assume nearly spatially 
homogeneous aerosol distribution. Understanding the 
atmospheric response to the more frequent smaller 
cratering events requires explicit treatment of the spa-
tial inhomogeneities caused by atmospheric motion.  
Hence, 2-D or 3-D models are needed. 

We seek to identify the smallest impact which may 
generate transient rainfall on Mars. Concentrations in 
the flow patterns in the southern hemisphere — e.g., 
arrow in Fig. 3C — are particularly intriguing, as pos-
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sible locations for storm fronts after large impact 
events. 

Future Work: We will include the following en-
hancements or extensions in our post-impact study: 

• More realistic winds from GCM calculations 
• Martian paleotopography 
• Thermal feedback, for longer simulation 

times 
• Closer look at shock wave and topographic 

perturbations on the flow stability 
• Comparison (of low resolution SWE model) 

with GCM calculations 
• More details pertaining to the impact event 

(secondary craters, water vapor, etc.) 
References: [1] Segura, T. L. et al. (2002) Science 

298, 1977. [2] Nemtchinov, I. V. et al. (2002) JGR 
107(E12), 5134. [3] Forget, F. et al. (1999) JGR 
104(E10), 24155. [4] Gill, A. E. (1982) Atmosphere-
Ocean Dynamics, Academic Press: San Diego, p. 95-
246. [5] Juckes, M. N. and McIntyre, M. E. (1987) 
Nature 328(6131), 590. [6] Cho, J. Y-K. and Polvani, 
L. M. (1996) Science 273, 335. [7] Richardson, M. I. 
and Wilson, R. J. (2002) Nature 416, 298. 
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Figure 1. Schematic of initial conditions. The atmos-
pheric dynamics model is initialized with the atmos-
pheric shock and ejecta plume several minutes after 
the time of impact. 
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Figure 2. Example zonal wind profiles. The atmos-
pheric dynamics model is initialized with balanced 
zonal winds (dashed line) which nonlinearly evolve 
into stable zonal winds (solid line) due to forcing.  
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Figure 3. Topography Effects. Polar stereographic projections showing MOLA topography under tracer distribution 
(green contours) for an impact event creating a crater several 100 km in diameter. The initial plume radius is 2000 
km and initial shock radius is 4800 km. Without topography, the dust plume is sheared into zonal spirals (A). The 
larger topography variations in the south (C) compared to the north (B) increases the complexity in the dispersal 
pattern and latitudinal range. 
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Figure 4. Basin-forming impact in southern hemisphere. The ini-
tial plume radius is 5000 km and initial shock radius is 12000 km. 
Particles are dispersed over both hemispheres within a few days. 

 
 

Sixth International Conference on Mars (2003) 3232.pdf



WATER ON MARS: EVIDENCE FROM MINERALS AND MORPHOLOGY.  P. R. Christensen1  1Arizona
State University, Department of Geological Sciences, Tempe, AZ 85287-6305; phil.christensen@asu.edu.

Introduction:  A wealth of recent remote meas-
urements of the mineralogy, elemental abundance, and
morphology of the martian surface have greatly im-
proved our view of the history of water on Mars.  Min-
eralogic data from orbital spectroscopy reveal a vol-
canic planet that lacks extensive aqueous weathering or
carbonate formation, but which has undergone signifi-
cant localized aqueous mineralization.  Mid- to high-
latitude hydrogen abundances and unusual morpholo-
gies suggest extensive deposits of water ice with lo-
calized, recent melting to form gullies.  The upper sur-
face of Mars appears to have an extensive water in-
ventory, but this water may have existed in a frozen
state throughout much of martian history.

A Dry Mars: Global mineral mapping using Mars
Global Surveyor Thermal Emission Spectrometer
(TES) data has shown that Mars is dominated by vol-
canic minerals and volcanic rocks [1-3].  Rocks classi-
fied as basaltic on the basis of their mineralogy and
inferred chemistry are found in the ancient cratered
terrains of Mars and appear to be representative of the
early martian crust.  Detailed mapping using TES data
has revealed the presence of olivine in abundances of
10-15% in basalts in isolated regions [4-6].  These
rocks have been exposed to martian environmental
conditions over long periods of time, yet show no une-
quivocal evidence for aqueous weathering products [1,
7].

Mars Odyssey Thermal Emission Imaging System
(THEMIS) multi-spectral infrared data have revealed
the presence of a layer of olivine-rich basalt exposed in
the walls near the floor of Ganges Chasma [8].  This
layer is 50-100 m thick, occurs beneath 4.5 km of
overlying rocks, and extends over an area at least 30 by
100 km in size.  The composition of the Ganges floor
material determined from individual TES spectra is
basaltic; the wall unit is similar but contains ~10-15%
olivine with an Mg/(Mg+Fe) ratio of 68 (Fo68) [8].
The olivine-rich layer could have been; (1) emplaced
as an olivine-enriched lava flow, followed by deposi-
tion of 4.5 km of overlying units; (2) injected as sill;
(3) formed as a cumulate layer in layered intrusive
body; or (4) deposited as a sedimentary layer in which
olivine was enriched during transport or deposition.  In
any case, this ancient layer was once buried to a depth
of at least 4.5 km and subsequently exposed at the sur-
face.  The preservation of olivine, which is unstable in
aqueous conditions, indicates that (1) significant
weathering did not occur deep beneath the surface in
this particular region, and (2) significant surface

weathering has not occurred since this layer was ex-
posed.

Carbonates in the regolith have long been proposed
to play an important role in the CO2 exchange cycle,
acting as a reservoir for sequestering large amounts of
CO2 from the ancient martian atmosphere [e.g. 9, 10-
12].  Thus, the presence, or absence, of carbonates has
important implications for the evolution of the martian
atmosphere, placing constraints on the abundances,
reaction chemistry, and history of H2O and CO2.  To
date, neither TES nor THEMIS data have revealed any
evidence for carbonate rock units on Mars, and it is
possible to conclude that large-scale (>10's km sized)
carbonate deposits are not currently exposed at the
surface of Mars [1].  It remains possible that carbonate
deposits are buried by younger deposits or UV dissoci-
ated to calcium oxide [13].  However, the detection of
unusual, and presumably rare, mineralized hematite
units shows that either carbonates are less common
than mineralized hematite, or the processes by which
they remain "hidden" are more efficient.

 Recent analysis of the spectra of Mars bright re-
gions in which the atmospheric contributions have
been rigorously removed [14] have detected the occur-
rence of minor (<5%) abundances of carbonates in the
fine-grained dust of Mars [15, 16].  The low carbonate
abundance and its occurrence on dust-covered surfaces
with high surface-area-to-volume ratios are consistent
with carbonate formation by interaction between the
current Mars atmospheric CO2 and water vapor and
surface mineral grains as proposed by Booth and Kief-
fer [9, 15] .  While it is possible that these carbonates
formed by erosion and dissemination of extensive car-
bonate rock units, a more likely scenario is their for-
mation in situ in the current atmosphere [15, 16].
Thus, the detection of carbonates, rather than suggest-
ing an ancient period of a warm, wet Mars, instead
argues for minor carbonate formation in a cold, dry
Mars.  Furthermore, the detection of carbonates by
TES argues against UV dissociation or difficulties in
detecting carbonates from thermal IR spectra as the
explanation for the lack of detection of widespread
carbonate units.  It appears that carbonate rock layers
may never have formed, and Mars may never have
experienced a period of extensive interaction between
large amounts of liquid water and a thick CO2 atmos-
phere.

A Wet Mars:  While much of the mineral evidence
from TES, THEMIS, and other spectroscopic observa-
tions argues against extensive, global aqueous miner-

Sixth International Conference on Mars (2003) 3126.pdf



alization, there are examples of localized deposits that
are suggested to have formed through aqueous proc-
esses.  The TES data have revealed unique deposits of
crystalline gray hematite exposed at the martian sur-
face in Sinus Meridiani, Aram Chaos, and in scattered
locations throughout Valles Marineris.  The Sinus Me-
ridiani material is an in-place, rock-stratigraphic sedi-
mentary unit characterized by smooth, friable layers
composed primarily of basaltic sediments with ~10-
15% crystalline gray hematite.    This unit has outliers
to the north that appear to have formed by stripping
and removal.  The hematite within Aram Chaos occurs
in a sedimentary layer within a closed basin that was
likely post-dates the formation of associated chaos and
outflow terrains.  This unit appears to be exposed by
erosion and may be more extensive beneath the sur-
face.  The Valles Marineris occurrences are closely
associated with the interior layered deposits, and may
be in place within the layers or eroded sediments.
Overall, crystalline gray hematite is extremely un-
common at the surface, yet in all observed locations it
is closely associated with layered, sedimentary units.

Formation modes for gray hematite detected by
TES have been grouped into two classes: (1) chemical
precipitation and (2) thermal oxidation of magnetite-
rich lavas [17, 18].  Chemical precipitation models
include (1a) low-temperature precipitation of Fe ox-
ides/ oxyhydroxides from standing, oxygenated, Fe-
rich water, followed by subsequent alteration to gray
hematite, (1b) low-temperature leaching of iron-
bearing silicates and other materials to leave a Fe-rich
residue (laterite-style weathering) which is subse-
quently altered to gray hematite, (1c) direct precipita-
tion of gray hematite from Fe-rich circulating fluids of
hydrothermal or other origin, and (1d) formation of
gray hematitic surface coatings during weathering [17,
18].  Models (1a) and (1b) require an oxidative altera-
tion process (e.g., burial metamorphism) to convert Fe-
oxide/oxide assemblages (e.g., red hematite, goethite,
ferrihydrite, goethite, and siderite) to coarse-grained
(>10 mm), gray hematite.

Although none of these models can currently be
excluded, the geologic setting of the martian hematite
deposits suggest they formed by chemical precipitation
from aqueous fluids, under either ambient or hydro-
thermal conditions [18, 19].  All three hematite sites
are sedimentary environments, and the hematite-
bearing units in Aram and Valles Marineris occur in
closed sedimentary basins consistent with deposition in
water.  Sub-surface water was clearly present in Aram
Chaos as evidenced by collapse and outflow features,
and the hematite-bearing unit in Ophir/Candor is asso-
ciated with layered, friable deposits that may be of
aqueous origin [20-22]. The primary argument against

thermal oxidation of magnetite-rich lavas (model 2) is
the absence of distinct morphological evidence for lava
flows or constructs, and the presence of evidence for
material more friable than primary lava in the Sinus
Meridiani hematitic unit [18, 23].

Thus, the TES mineralogic data provide evidence
that liquid water was stable near the surface, probably
for extensive periods of time, in specific locations on
early Mars.

An Icy Mars:  Mars Odyssey Gamma Ray and
Neutron Spectrometer observations have shown that
water ice is abundant at latitudes poleward of ~50° in
both hemispheres [24-26].  It has also been suggested
that extensive deposits of unusual materials that mantle
the martian mid-latitudes are ice-rich deposits [27-29].
A model has been proposed in which the recent mar-
tian gullies that are found in the mid-latitudes are re-
lated to these mid-latitude, ice-rich mantles, and that
the gullies were eroded recently through melting of
these overlying deposits [30].  In this model:  (1) Wa-
ter is transported from the poles to mid-latitudes during
periods of high obliquity, forming a water-rich snow
layer [31-34].  (2) Melting occurs as mid-latitude tem-
peratures increase, producing liquid water that is stable
beneath an insulating layer of overlying snow;  (3)
Gullies form on snow-covered slopes through erosion
by meltwater or as a result of meltwater seeping into
the loose slope materials and destabilizing them; (4)
Gullies incised into the substrate are observed where
the snow layer has been completely removed; (5)
Patches of snow remain today where they are protected
against sublimation by a layer of desiccated
dust/sediment [27]; and (6) Melting could be occurring
at the present time in favorable locations in these
snowpacks [30].

While melting snow provides an interesting possi-
ble explanation for the formation of recent gullies, the
more important outcome of this model is the evidence
that the gullies provide that the mid-latitude mantles
are not simply volatile rich, but must be primarily wa-
ter ice.  Ice that enters the regolith and fills the pores
through vapor exchange during periods when the mid-
latitude temperatures are relatively low [27, 35], will
most likely exit in the same manner when the climate
warms.  Therefore, it is unlikely that ice-rich soils will
produce the melting necessary to erode gullies.  On the
other hand, snow deposits are capable of producing
meltwater due to the solid-state greenhouse effect of
ice that contains minor amounts (~1,000 parts per mil-
lion, mass) of dust [36].  Thus, the formation of gullies
by melting snow provides evidence that the mid-
latitude deposits are dirty ice, rather than icy dirt.

This model suggests that at least some mid-latitude
mantles were deposited directly on the surface with
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(very) high ice-to-soil ratios.  The high (>50% volume)
water-ice abundances inferred in the upper few meters
at high-latitudes from Odyssey Neutron and Gamma-
Ray Spectrometer data [24-26], suggest that the ice in
these regions was also deposited on the surface rather
than in pores.  A common surface texture found from
30-50° latitude in both hemispheres has been inter-
preted to be the result of devolatilization and erosion of
ice-cemented soils that are up to several meters thick
[27].  Mustard et al, [27] suggested that the ice was
recently emplaced through vapor diffusion into the
pore space [27, 37].  However, these eroded mantles
transition poleward into continuous mantles, and the
boundary of this transition corresponds to the sharp
increase observed in near-surface ice abundance [38].
This correlation suggests that the equatorward portion
of this mantle may be the same ice-rich material whose
upper few meters have been thoroughly desiccated
[30].  In this case the high-latitude ice-rich materials
observed by the Odyssey Neutron/Gamma-Ray spec-
trometers, the poleward continuous mantles, the dis-
sected mid-latitude mantles, and the gully-forming
snow deposits may all have been formed by deposition
of atmospheric condensates onto the surface, and may
all have high (70-100%) water-ice abundances.  If this
model is correct, then these surface mantles would
have substantially more water than previously sug-
gested [27].

Summary:  The available remote measurements of
martian mineralogy and morphology suggest a com-
plex and diverse set of states of martian water.  Near-
surface water ice appears to be more abundant than
previously considered.  Aqueous processes have oc-
curred locally to produce hematite mineralization in
isolated regions.  However, the lack of extensive car-
bonates (and clays?) and the presence of ancient oli-
vine suggests that liquid water has been rare at or near
the surface over time.  Together these observations
suggest a relatively water-rich surface layer in which
water is primarily in a frozen state expect for isolated,
and very interesting, events.
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Introduction:  The Mariner 9 IRIS thermal profile 

analysis of Conrath [1] and Viking limb analysis of 
Jaquin et al. [2] form the basis for our current under-
standing of dust vertical profiles during major (planet-
encircling) Mars dust storms. The June-Sept 2001 ma-
jor dust storm provides the opportunity for a much 
more comprehensive study, based upon MGS MOC 
(Mars Orbital Camera [3]) limb imaging and TES 
(Thermal Emission Spectrometer [4]) limb scan obser-
vations of dust vertical profiles in a globally extended 
dust storm. The current analysis pertains to MOC blue 
wide angle (WA) images returned in late July during 
the peak phase of the 2001 dust storm (Ls=200-205°), 
and in September during the early clearing phase of the 
storm (Ls=236°). A broader study under development 
will incorporate coarser vertical resolution TES limb 
observations (15 km versus the 2 km MOC resolution) 
with thermal IR (7-45 µm) and solar band (λeff = 0.7 
µm) spectral coverage. This will eventually allow us to 
derive specific information on the vertical distribution 
of aerosol particle sizes. Here, we limit analysis to the 
retrieval of dust optical depth versus altitude for the 
purpose of defining the vertical extension of dust lift-
ing during a planet-encircling dust storm. 

MOC Limb Images:  We have analysed a subset 
of MOC WA blue (400-450 nm) images that obtained 
atmospheric limb coverage with optimum vertical (i.e., 
unbinned, ~1.3 km/pixel) resolution during the July-
Sept period of the 2001 Mars dust storm. The calibra-
tion and flat fielding for the MOC blue WA remain 
preliminary, especially at the margins of the CCD 
where the atmospheric limb is imaged in these data. 
Consequently, we compare radiative transfer (RT) 
models and MOC limb brightnesses in a relative sense. 
In this presentation we emphasize an unusually ex-
tended MOC limb image, characterized by continuous 
coverage from 48S to 45N latitudes, centered on 240W 
longitude, for Ls=205°. Additional, much less extended 
(in latitude) MOC limb images are modeled for Ls of 
199°, 202°, and 236°. 

Monte Carlo RT Model:  We employ the full 
spherical, multiple scattering Monte Carlo RT code 
developed by Barbara Whitney for astrophysical stud-
ies, which she has recently reconfigured for Mars RT 
applications [5]. This model currently provides both 
emission and scattering source functions which may be 
specified with full three dimensional distributions, al-

tough we employ purely scattering calculations with 
one dimensional dust distributions in the vertical for 
this study. Dust scattering properties (single scattering 
phase function and albedo) are represented by simple 
Henyey Greenstein expressions as well as full T-matrix 
ellipsoidal expansions, based upon analysis of multi-
color HST images observed during 2001 dust storm 
[6].  

Model-Data Comparisons:  Figure 1 presents a 
typical limb brightness profile from the Ls=205° MOC 
image (asterisk sysmbols), at a latitude of 35S as indi-
cated on the figure. Two model profiles are presented 
as solid and dashed lines, corresponding to a constant 
dust mixing ratio and a dust mixing ratio which 

decreaes above 30 km according to the Conrath param-
eterization with ν=0.01, respectively. A dust vertical 
distribution in which particle settling velocities become 
significant relative to vertical lifting and mixing for 
altitudes above 30 km is implied by the observed MOC 
limb brightness. In general, this behavior typifies the 
vertical distribution of dust among the range of MOC 
limb profiles so far analyzed. However, the latitude 
range 5N to 20S for this particular image displays dis-
tinctly shallower dust vertical mixing. Furthermore, 
there are significant variations within the 30-50 km 
region and distinct “plateaus” of limb brightness at 
altitudes of 50-70 km which appear common during 
this dust storm. We will present these range of dust 
mixing profiles for a broader crossection of MOC im-
aging data, as well as preliminary TES solar band and 
thermal IR limb profiles.  
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Introduction:  Persistent deposits of water ice may 

exist at the surface, even in certain non-polar regions 
on Mars.  Their origins can include: atmospheric pre-
cipitation (snow); surface adsorption; clathrate forma-
tion; upward percolation of H2O vapor or wicking of 
liquid created by subsurface heat sources; or deflation 
of overburden to expose buried ice or ice-rich perma-
frost (for purposes of expediency, such surface-
exposed deposits will be referred to in this paper as 
"snowbanks", regardless of the source or mechanism 
of transport of H2O to the surface).   Many of the 
characteristics discussed here are relevant to any ex-
posed body of ice.  Such deposits may have unique 
roles as a source of H2O, a sink of chemically active 
gases injected into the atmosphere, and through vari-
ous favorable factors, providing a haven for growth 
and reproduction of biological organisms on Mars 
which would, on Earth, be considered extremeophiles. 

  
Snowbank Interactions with the Atmosphere:  

Long-term survivabity of ice against sublimation is 
abetted by location on anti-solar slopes and/or cover-
ing by high albedo, low thermal inertia material.  Lo-
cation in a natural shaded cavity is a mechanism often 
observed in rugged mountainous terrain on Earth for 
the preservation of snow deposits well into summer-
time.  Deposits can even summer-over, depending on 
shadowing, local weather, and climatological condi-
tions.  Winds and dust loads in the atmosphere provide 
varying inputs of new material, warm or moist atmos-
phere, shielding of solar insolation, and erosive forces.     

 
The high degree of eolian activity on Mars main-

tains a source of atmospheric dust fallout, which coats 
the surface ice and may, especially if saltation is active 
at that site, admix with it to some depth, depending on 
the degree of snowbank porosity.  Albedo is lowered, 
so that heat transfer from solar insolation is amplified, 
but a surface debris mantle, not unlike that hypothe-
sized for the inactive portions of cometary surfaces, 
can develop and evolve.  These concentrations of wa-
ter ice can be in communication with the atmosphere 
to an extent that many other reservoirs, deep under-
ground or at polar locations, are not.   

 
Acidification of the Martian Snowbank:  Gases 

in the martian atmosphere which are chemically reac-
tive with H2O will be taken up and sequestered from 
their source.  Such gases arise from all magmatic exha-
lations, whether explicit extrusive releases or seepage 

through vents, fumeroles, or sulfataras. Typical re-
leases include the sulfur and chlorine-containing gases 
as well as water, and less reactive gases such as CO2 
and CH4.  Impacts by large bolides will also cause the 
release of S from the relatively S-rich igneous rocks 
(based on martian meteorites). Reduced compounds, 
such as H2S, S, SO, SO2, and CH4 will be quickly 
converted into their high oxidation state analogs by the 
plethora of oxidative species (atomic oxygen, OH radi-
cal, H2O2, superoxide ion, ozone) that reside in the 
martian atmosphere as a result of the intense UV-
mediated photochemical environment.  As a result, 
SO3 will be readily available from these transient 
events to combine with the H2O ice.  These two mole-
cules have an extremely high affinity for reacting to-
gether, and once they do the resulting solution is both 
hygroscopic and reactive with SO3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Consequences of the Acidic Snowbank:    Lique-

faction and Geological Processes:  As seen in the ac-
companying phase diagram, several eutectics are 
formed, each with freezing points which are depressed 
relative to pure water or, for that matter, sulfuric acid 
“neat” (pure).  These freezing points range from –34 to 
–74 ºC, well below the depressing capabilities of most 
salts and below peak and average temperatures, re-
spectively, in non-polar regions on Mars (polar tem-
peratures of –125 ºC cause freeze-up, slowing the 
process to one limited by solid-state diffusion).  The 
first eutectic, which has the strongest depressant effect, 
requires only 1 molecule of SO3 per 10 molecules of 
H2O, and hence will form in the earliest stages of con-
version of native ice to acidic ice.  Liquefaction is 
therefore physically possible, without even accounting 
for supercooling effects.  The proportion of material 
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which becomes liquid may be small since transforma-
tion to the solid phase can alter the composition of the 
residual liquor.  Physical affects on the macroscale can 
vary from solid plasticity to slush to free liquid, de-
pending on the exact chemical makeup and bulk tem-
perature.  Macro-movement is inevitable in response to 
gravitational forces, resulting in regimes encompassing 
sliding, creep and free flow.  A premier example of 
intense current interest is the side-wall gullies found 
on crater walls at high latitudes.  Many other less ob-
vious manifestations should occur, however, from sap-
ping to analogs of glacial activity.   

 
Abode for Extremeophiles:  On the microscale, 

liquefactions enable all the special benefits that render 
liquid H2O so beneficial to life forms on Earth (mobil-
ity for transport of nutrients and waste products, con-
sumption as a chemical reactant; stabilization of mac-
romolecular tertiary structure; as a diluent; as a cata-
lyst; as a medium for organism motility).  From the 
standpoint of microorganisms, this is perhaps the sin-
gle most critical prerequisite to their ability to function 
metabolically.  The acidic snowbank therefore pro-
vides an abode for these organisms which can survive 
the low pH of the environment.  Acid-compatible ex-
tremeophiles are abundant on Earth, and encompass a 
variety of detailed lifestyles.  However, the acidic 
habitats on our planet are almost always at high tem-
peratures, the hydrothermal and sulfateric environ-
ments associated with magmatic centers of activity.  
Such environments are possible on Mars as well, but 
the overall aridity and very low pressure of the atmos-
phere mitigate against the longevity of hydrothermal 
regions, unless buried and isolated from communion 
with the surface. 

 
Acidophiles on earth often are hyperthermophilic.  

Any putative martian organism in this environment 
must, rather, be a psychrophile as well as acidophile, 
and able to function at stressingly low levels of water 
activity, hence an osmophile.  On the other hand, such 
organisms need not be as xerophilic (desiccation-
loving) like their non-ice dwelling cousins in the sur-
face regolith of Mars. 

 
Energy metabolism may take advantage of a num-

ber of possibilities.  Sunlight can penetrate ice and 
even “dirty” ice, which attenuates the lethal, short 
wave-length UV that penetrates the thin atmosphere to 
reach the surface of Mars.  Hence, phototrophs may 
exist within this ecoenvironment.  A number of 
chemolithotrophs are acidophiles, but their typical 
energy source is from the oxidation of reduced iron or 
sulfur compounds.  It has been proposed that H2 is 

almost sufficiently abundant in the martian atmosphere 
to support sulfate reduction.  The source of such sul-
fate could that thought to be in the ubiquitous soil, and 
the resulting sulfide could be recycled in a sufuretum 
ecology to produce sulfate again. 

 
Nutrient availability is enhanced in many respects.  

Low pH solubilizes many ions, especially the metal 
cations (e.g., transition elements) that enable enzymes 
to have high specificity and catalytic kinetic effect.  It 
is also now known that the shergottite martian meteor-
ites can be extracted with acidic solution to yield abun-
dant phosphate and other nutrients.     

 
 
Persistence and Lifetime: Once acidified to even 

just a low degree, the equilibrium partial pressure of 
H2O is reduced over the H2O-H2SO4 solution.  Thus, 
the acid snowbank can effectively “pump” H2O from a 
non-saturated atmosphere to not only prevent sublima-
tion losses but to even grow.  During neutral-
atmosphere periods when the content of chemically 
active gases is extremely low, as in the present epoch, 
the compositional shift of the snowbank will be toward 
further dilution of the acidic mix.  After a major mete-
oroidal impact or magmatic release of gases, SO3 up-
take may dominate over H2O uptake, and the pH will 
drop as the snowbank evolves toward the H2SO4 end-
member.  Once SO3 is reduced sufficiently towards 
final depletion, the H2O uptake will again predomi-
nate.  The stasis point for the acidified ice will depend, 
of course, on availability of these gases as well as the 
physical nature of the body – whether is is highly po-
rous and equilibrated throughout, or exhibits rinds and 
layers reflecting “seasonal” effects. 

 
Non-ice areas of martian regolith may also take up 

SO3 or any H2SO4 formed in the atmosphere, and 
react with it.  Igneous minerals, and especially their 
glassy counterparts, are typically rich in cations (Ca, 
Mg, Na, Fe, even Al) which can react to form sulfites 
and sulfates.  These tend to irreversibly bind up the S-
containing molecules and remove them from the recy-
clable inventory.  However, under desiccated, cold 
martian conditions, the reaction rates of these active 
molecules with minerals are suppressed, yet they will 
react rapidly with the snowbank ice.  Thus, these ob-
jects serve as highly efficient sinks for the reactive 
gases.  The apparently universal martian fines, which 
include the soils and dust grains, are very rich in S, 
most probably in the sulfate form, that their intrinsic 
reactivity may have already been used up, rendering 
them relatively inert with respect to the reactive gases 
injected into the atmosphere.  Thus the snowbank ice 
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and dust serves the purpose of isolating ice from the 
igneous minerals which would otherwise serve as an 
irreversible loss mechanism for the reactive forms.  

 
Exploration of Martian Snowbanks:  If this the-

sis has merit, then acid snowbanks should be a high 
priority for astrobiological exploration.  It extends 
“follow the water” to “find the liquid water and 
bioavailable nutrients.”  A major problem here is that 
the known gully topographies are extremely steep for 
safe spacecraft landing and operations, most likely 
aggravated by poor bearing strength of associated 
soils.  It is not known how many gully systems actu-
ally arise from snowbank sources of liquid, but recent 
tantalizing evidence could be taken as a clue that it 
may be common.   

 
How can acidic ice deposits on more accessible ter-

rain be detected?  There could be morphological clues, 
since snowbank or ice forms can evidence rounding 
and globular appearance.  General examples are 
known, such as the gently ridged and featureless mate-
rial in Newton crater.  Acidity cannot be detected by 
remote sensing, and we still do not have substantive 
evidence of the pH of martian soil.  Small hard lander 
or penetrator probes could easily make the required 
measurement, with a low cost instrument and in a mat-
ter of minutes or hours.  However, the cost of the 
probe itself is, today, substantial, especially if targeting 
is required for what generally are small opjects on the 
scale of landing errors.  Highly mobile landers, such as 
hoppers, might be a more cost-effective solution for 
reconnaissance to explore several identified targets 
within a general region of interest. 

 

Conclusion:  Deposits of snow or any other forms 
and origins of ice at the surface of Mars at moderate to 
low latitudes could be important as an abode for ex-
tremeophiles because their interaction with reactive 
atmospheric gases could result in acidic state with 
greatly suppressed freezing point.  The resultant li-
quidity is favorable to life processes, as well as certain 
geological processes.  Detection and exploration of 
such features will be challenging.    
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Introduction.  Since the mid-1990’s, the stated strategy 
of the Mars Exploration Program has been to “Follow the 
Water”.  Although this strategy has been widely publicized, 
its degree of influence -- and the logic behind its current im-
plementation (as reflected in mission planning, platform and 
instrument selection, and allocation of spacecraft resources) 
– remains unclear.   

In response to this concern, we propose an integrated 
strategy for the post-2009 exploration of Mars that identifies 
the scientific objectives, rationale, sequence of missions, and 
specific investigations, that we believe provides the maxi-
mum possible science return by pursuing the most direct, 
cost-effective, and technically capable approach to “follow-
ing the water”.  This strategy is based on the orbital identifi-
cation, high-resolution surface investigation, and ultimate 
sampling of the highest priority targets: near-surface liquid 
water and massive ground ice (potentially associated with 
the discharge of the outlfow channels or the relic of a former 
ocean).  The analysis of such samples, in conjunction with 
the data acquired by the necessary precursor investigations 
(to identify the locations and characterize the environments 
of the optimum sampling sites), is expected to address a ma-
jority of the goals and high priority science objectives identi-
fied by MEPAG. 

Goals and Rationale. Since the inception of the Mars 
Surveyor Program of the mid-1990’s, the search for water 
has been identified as the common thread of Mars research -- 
its abundance and distribution having important implications 
for understanding the geologic and climatic evolution of the 
planet; the potential origin and continued survival of life; 
and the accessibility of a critical in-situ resource for sustain-
ing future human explorers.  For these reasons, it was ar-
gued, a strategy to “follow the water” would necessarily 
benefit all of Mars research.  

The unique role and importance of water was more re-
cently affirmed by the identification and prioritization of 
scientific goals, objectives and measurements undertaken by 
the Mars Exploration Payload Analysis Group (MEPAG) 
[1], where the determination of the 3-dimensional distribu-
tion and state of H2O was identified as the single highest-
rated objective of the Mars Exploration Program (Table 1).   

Of the planet’s estimated 500 – 1000 m global inventory 
of H2O [2], ~0.000001% is found in the atmosphere, while 
~5-10% is thought to be stored as ice in the perennial polar 
caps and layered terrain.  This leaves ~90-95% of the plane-
tary inventory of H2O that is unaccounted for, the vast bulk 
of which is believed to reside, as ground ice and groundwa-
ter, within the planet’s crust. 

Although the belief that Mars is water-rich is supported 
by a wide variety geologic evidence, our ignorance about the 
heterogeneous nature and thermal evolution of the planet’s 
crust effectively precludes geomorphic or theoretical at-
tempts to quantitatively assess the current geographic and 
subsurface vertical distribution of ground ice and groundwa-
ter [3].  For this reason, any exploration activity (such as 
drilling) whose  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
   Figure 1.  Rationale for the “Follow the Water” strategy. 
 
success is contingent on the presence of subsurface water, 
must be preceded by a comprehensive high-resolution geo-
physical survey capable of assessing whether local reservoirs 
of water and ice actually exist. Terrestrial experience has 
demonstrated that the accurate identification of such targets 
is likely to require the application of multiple geophysical 
techniques [4] – investigations that are most effectively con-
ducted on (or in close proximity to) the planet’s surface. 

Unfortunately, the relative fraction of the Martian surface 
that can be investigated by a single lander, rover, or even 
aerial platform, is extremely small, requiring a prohibitively 
large number of spacecraft to conduct a global reconnais-
sance on any time frame shorter than several human life-
times. Therefore, given the significant uncertainties that exist 
in our knowledge of the distribution of subsurface H2O, how 
do we most effectively employ the limited number of oppor-
tunities that we will have to address this issue following the 
last of the currently planned missions in 2009?  

Because conducting a high-resolution 3-dimensional 
global survey of the distribution of subsurface water on Mars 
exceeds our present (and foreseeable) technical capabilities 
and resources, we propose that initial efforts be focused on a 
more efficient and achievable task – emphasizing the identi-
fication and location of the most important and accessible 
H2O targets.  Of the potential volatile targets identified by 
the Mars’ planetary science, astrobiology, and human explo-
ration communities, those of greatest interest are: liquid wa-
ter, massive deposits of near-surface ground ice (associated 
with the ponded discharge of the outlfow channels or the 
relic of a former ocean), and the polar layered deposits [1].     
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Table 1 – MEPAG priority and traceability of “Follow the Water” strategy. 
 

Goal Investigation Priority Measurements
Life Map the 3-D distribution of water in all its forms. 1 I.A.1.a. 

Climate Determine the processes controlling the present distribution of 
H2O, CO2 and dust. 

1 II.A.1.d&c. 

 Characterize the history of climate change recorded in the stratigraphy of the polar 
layered deposits and residual ice caps.  

2 II.B.2 

Geology Determine the present state, distribution and cycling of water on 
Mars. 

1 III.A.1.a,b,c&d. 

Preparation Understand the distribution of accessible water in soils, regolith, 
and Martian groundwater system. 

3 IV.A.3.a&b. 

 
 
With regard to the first two of these targets, an additional 
requirement is imposed by our desire to obtain samples for 
in-situ and Earth-based analysis.  Thus, the geographic loca-
tion and subsurface extent of a target must be known with 
sufficient resolution to guide the placement of a drill. 

In this abstract we propose an integrated strategy and se-
quence of missions for the geophysical exploration of Mars 
that we believe represents the fastest, most cost-effect, and 
technically capable approach to identifying, investigating, 
and ultimately sampling the most probable occurrences of 
near-surface liquid water and massive ground ice.  This strat-
egy is based on a synthesis of input from a wide range of 
sources; however, it owes its greatest debt to the authors and 
participants of the Mars Program Office white paper “A Stra-
tegic Framework for the Exploration of the Martian Subsur-
face” by Beaty et al. [5], in which the basic elements of this 
strategy were first proposed. 

Global vs. Local Investigations.  One of the most criti-
cal issues for developing a coherent geophysical strategy to 
assess the distribution of subsurface water is the appropriate 
role and timing of global vs. local investigations.  The princi-
pal attributes of local investigations (such as lander-based 
GPR) are their relative simplicity and their ability to “map” 
local variations in dielectric properties (that are potentially 
indicative of variations in lithology and volatile content) at 
high resolution.  However, given the natural scale and vari-
ability of crustal properties, the structure, lithology, and dis-
tribution of H2O, is likely to differ significantly from one 
location to another [3].  Therefore, to have any confidence in 
accessing a particular volatile target, drilling operations must 
necessarily be limited to those sites where local geophysical 
investigations have already been performed. 

A strategy to search for water by proceeding directly to 
the use of high-resolution local surveys has a significant 
drawback – for while such surveys may help determine the 
local distribution of volatiles to high precision, they provide 
no global context.  Thus, while a high-resolution investiga-
tion might suggest the presence of a specific volatile target at 
a depth of 500 m at one location, it could well miss the op-
portunity – located only 20 km away – where that same vola-
tile target was present at a depth of 100 m.  Differences of 
this magnitude could well be critical to the success or failure 
of any follow-on drilling effort. 

The above argument suggests that local investigations 

aree most effectively employed following the completion of 
an initial global geophysical reconnaissance.  Although such 
surveys may be unable to resolve the fine-scale distribution 
of ground ice and groundwater, they can aid in the identifica-
tion of moderate- and regional-scale characteristics that can 
be used to identify the most promising local sites for further 
study.   In this way, global investigations can be used to tar-
get local surveys (conducted by local surface networks, rov-
ers, and other techniques) that can verify and map the distri-
bution of potential volatile targets at a resolution sufficient to 
direct the placement and operation of both shallow- and 
deep-subsurface drills.   

Proposed Strategy.  Based on the above reasoning, we 
propose a two-phase approach to the search for subsurface 
water on Mars.  The first consists of missions devoted to 
characterizing the large-scale global distribution of liquid 
water and massive ground ice within the crust.   Currently, 
the most promising candidates for such a reconnaissance are: 
(i) a polar-orbiting synthetic aperture radar/sounder, and (ii) a 
20+-station global geophysical and meteorological network A 
second “high-resolution” phase would then follow this initial 
global reconnaissance with more focused investigations of 
the most promising local (<10 km2 in area) sites identified 
from the global data.     

Polar-Orbiting Synthetic Aperture Radar/Sounder.  An 
orbital radar sounder has a distinct advantage over other wa-
ter-detecting geophysical methods in that, given an optimal 
design, such a sounder has the potential to provide global 
coverage at moderate resolution using a single spacecraft – a 
potential that no other technique comes close to approaching.   

The first attempt at such an investigation will be made by 
the 2003 Mars Express mission, which will include a multi-
frequency radar sounder called MARSIS.  Given ideal condi-
tions, MARSIS is designed to detect the presence of liquid 
water at depths as great as several km.  In 2005, MARSIS 
will be followed by another orbital sounder called SHARAD, 
that will fly aboard the Mars Reconnaissance Orbiter.  
SHARAD will operate at higher frequencies in an effort to 
improve its resolution of potential water-related targets at 
shallower depth.  Unfortunately, because both Mars Express 
and the Mars Reconnaissance Orbiter include a number of 
other high-level investigations, MARSIS and SHARAD have 
been forced to accept some compromises in mission and 
spacecraft design that have limited their potential capabili-
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ties.  
A dedicated orbital SAR/Sounder mission would offer 

opportunities for a number of significant technical and opera-
tional improvements – not the least of which would be ab-
sence of resource and compatibility issues associated with 
the need accommodate other instruments.  Among the most 
significant potential enhancements would be (1) the adoption 
of a low altitude, slowly migrating polar orbit – thus insuring 
global coverage with overlapping footprints that will permit 
data from adjacent orbits to be processed coherently to im-
prove cross-track resolution and enhance clutter rejection., 
(2) increased power to improve signal-to-noise -- ideally ~10 
kW (supplied by an RTG) vs. the 60 W available to 
MARSIS, and (3) optimized antenna design (i.e., increased 
size and better geometry) for both the SAR and Sounder.    

Other desired enhancements include improvements in the 
number and range of operational frequencies, bandwidth, 
receiver sensitivity, utilization of alternate signal waveform 
designs and the use of two (or more) receivers – either boom-
mounted on the same orbiter or achieved by simultaneous 
operation with compatible radars on other polar-orbiting 
spacecraft. This potential for orbital interferometry could 
greatly aid the 3-dimensional characterization of the crust – 
helping to discriminate between structural, lithologic and 
volatile signatures in both the near- and deep-subsurface. 

A polar orbiting radar Sounder offers a unique ability to 
carry out such tasks by investigating and mapping the ob-
served and derived electromagnetic properties of the subsur-
face on a global basis -- information that may provide sig-
nificant insights about the vertical structure and evolution of 
the crust.  This is particularly true over the polar layered de-
posits, whose combination of favorable location (due to the 
high density of orbital ground tracks) and expected low-loss 
attenuation characteristics may permit a Sounder to obtain a 
detailed look at the deposits’ stratigraphy and basal topogra-
phy – providing invaluable information relevant to under-
standing their climatic and deformational history. 

Although the unambiguous identification of crustal H2O 
may be difficult or impossible using orbital sounding alone, 
the geometry and contrast associated with those targets of 
greatest scientific interest (i.e., near-surface liquid water and 
massive lenses of ground ice) are expected to be sufficient 
that, under favorable observing conditions (and with the ad-
ditional interpretive context provided by the analysis of other 
remote sensing data), the best examples can be identified and 
mapped with reasonable confidence.  At a minimum, an or-
bital Sounder will provide information on local subsurface 
properties that can be used to identify the most promising 
sites for further study (e.g., by subsequent higher-resolution 
surface and airborne investigations), as well as assist in rul-
ing out those areas whose local characteristics are either in-
consistent with the presence of subsurface water or preclude 
its detection. 

Additional scientific and mission synergy would result 
from the inclusion of the SAR a synthetic aperture radar on 
the same polar orbiting spacecraft.  The addition of the SAR 
radar would allow investigations of the shallow subsurface, 
mapping the potential occurrence of buried channels, craters 
, and other features that could provide important insights into 
the nature and evolution of the Martian landscape. 

Global Geophysical and Meteorological Network.  The 
most logical follow-up to the flight of an advanced orbital 
SAR/Sounder is a global Geophysical and Meteorological 
Network consisting of at least 20-stations.  Although this 
number will not provide sufficient spatial coverage to verify 
in detail the global interpretations derived from the flight of 
an advanced orbital Sounder, they will provide an opportu-
nity for surface-based seismic and electromagnetic observa-
tions that can be used to independently test the large-scale 
volatile distribution, stratigraphy, and structure of the crust.   

When distributed in clusters of 3-5, such stations are also 
capable of providing the more localized studies needed to 
investigate and further refine our understanding of the true 
nature of the most promising volatile sites identified by the 
orbital SAR/Sounder.  The ability of such a Network to dis-
criminate between lithologic and volatile units would be 
greatly enhanced by the inclusion of multiple geophysical 
investigations onboard each station, such as magnetotelluric 
and permitivity instruments, active and passive seismome-
ters, and ground penetrating radar (GPR).  Such a mission 
might also include the acquisition of local compositional and 
thermophysical data that could assist in interpreting the geo-
physical sounding results and help characterize the global 
range of material properties that might be encountered by 
subsequent drilling efforts.   

A logical compliment to the geophysical investigations 
conducted by such a Network, would be the inclusion of me-
teorological instruments to provide global and regional meas-
urements of atmospheric pressure, temperature, and wind 
speed – data that would prove invaluable to the further re-
finement of general circulation and climate models.  A key 
requirement for both types investigations would be that the 
individual stations be long-lived (>4 years), providing a suf-
ficient baseline to assess interannual variations in weather as 
well as the frequency of large-scale seismic events. 

Such a Geophysical and Meteorological Network could 
be emplaced in a single mission (with penetrator-style sta-
tions dispersed from a polar-orbiting bus) or be built up in-
crementally, over two or more successive launch opportuni-
ties.  In 2009, the four-station NetLander mission will pro-
vide an important demonstration of the potential return from  
network science – effectively doubling (in a single mission) 
the number of surface locations visited on the planet since 
the flight of Pathfinder in 1996. 

High-Resolution Characterization and Sampling of Lo-
cal Sites.  An expected result of the first phase of global re-
connaissance will be the identification and prioritization of 
the most probable sites for the occurrence of near-surface 
liquid water and massive ground ice as a prelude to sending 
more focused investigations.  The most logical progression 
of follow-on missions would be: (1) a high-resolution 
ground-based survey to verify the nature and extent of the 
most promising site(s) for the occurrence of near-surface 
liquid water or massive ground ice, (2) a drill to investigate 
and sample this target, and (3) a vehicle to return these sam-
ples to Earth for further study. 

Hi-Resolution Site Survey & Sample Acquisition Rover.   
While a number of potential platforms could be employed to 
carry out a high-resolution geophysical and environmental 
site survey, the one that provides the greatest mission flexi-
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bility is an MSL-class Rover.  Equipped with high-frequency 
GPR, an active seismic investigation (including a large array 
of deployable geophones), and other geophysical instru-
ments, the Rover’s principal task would be to conduct the 
most technically capable investigations possible to verify the 
true nature of the local target, determine its spatial extent (at 
a sufficiently high resolution to guide the placement and suc-
cessful acquisition of samples by a drill), and assess the ge-
ology and surface properties of the surrounding area to pro-
vide an understanding of the target’s context and identify any 
potential landing hazard’s to a follow-on drill and sample 
return vehicle. 

A useful enhancement of this mission would be the abil-
ity for the Rover to collect surface samples (including, per-
haps, shallow – 1-2 m – drill cores) from the surveyed area, 
perform preliminary in-situ analyses, and cache the samples 
in an onboard canister that could be transferred to a future 
sample return vehicle.  

 50-100 m-Capable Drill. Once the location and nature of 
a high-priority volatile target has been verified (to as high a 
probability as is possible by geophysical methods), the next 
obvious mission would be to send a Drill capable of reach-
ing, investigating (w/downhole instruments), and acquiring 
samples for eventual return to Earth.  Samples of liquid water 
or massive ground ice would provide the very highest prob-
ability of finding evidence of extant (or at least geologically 
recent) life, as well as insights into the aqueous geochemistry 
and isotopic evolution of the Martian crust and groundwater.  
When combined with selected samples of intervening re-
golith and rock cored by the drill, and the data obtained dur-
ing the precursor Rover site survey, such a mission would 
provide an enormously detailed environmental and strati-
graphic record for sample interpretation.   

To minimize complexity and enhance stability, the pre-
ferred platform for a 50-100 m drill would be a stationary 
lander – guided to its optimum sampling location by terminal 
guidance and a beacon deployed by the precursor Rover. 

Sample Return Vehicle.  As with the targeting of the 
Drill, the landing of a Sample Return Vehicle would be aided 
by the radio beacon deployed by the precursor Rover.  
Cached drill cores, and surface samples obtained by the 
Rover during its site characterization survey, could then be 
transferred to the Sample Return Vehicle by the Rover for 
return to Earth.  Another alternative, that would simplify 
surface operations, would be to incorporate the return vehicle 
on the drilling platform itself. 

Summary.   Knowledge of the distribution and state of 
subsurface water is of fundamental importance to astrobiol-
ogy, human exploration, and to our understanding of how 
Mars has evolved as a planet.  We believe that the “Follow 
the Water” strategy and mission sequence outlined here 
represents the most direct and cost effective approach for 
addressing the goals and high priority science objectives 
identified by MEPAG.   
 

References: [1] MEPAG Science Goals Document, 2000; 
[2] Carr, M. H., Icarus, 68, 187-216, 1986; [3] Clifford, 
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http://astro-biology.arc.nasa.gov/worshops/1998/marswater/ 
index.html, 1998; [5] Beaty, D. et al., Analysis of the Poten-
tial of a Mars Orbital Ground-Penetrating Radar Instrument 
in 2005, Mars Program Office White Paper, 2001.  
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Introduction:  The first images returned by the 
Mariner 7 spacecraft of the Martian surface showed a 
landscape heavily scared by impacts.  Mariner 9 
imaging revealed geomorphic features including valley 
networks and outflow channels that suggest liquid 
water once flowed at the surface of Mars.  Further 
evidence for water erosion and surface modification 
has come from the Viking Spacecraft, Mars Pathfinder 
and Mars Global Surveyor's (MGS) Mars Obiter 
Camera (MOC).  This evidence includes apparent 
paleolake beds, fluvial fans and sedimentary layers 
(Cabrol and Grinn, 1999; Heberle et al., 2001).  There 
is evidence for subsurface water as well.  Rampart 
crates suggest an abundance of water in the near 
surface regolith (Mouginis-Mark, 1986).  The 
estimated erosion rates necessary to explain the 
observed surface morphologies (Golombek and 
Bridges, 2000) present a conundrum.  The rates of 
erosion appear to be highest when the early sun was 
fainter and only 75% as luminous as it is today.  
Furthermore the rates of erosion appear to correlate 
with the rate at which Mars was impacted (Carr and 
Waenke, 1992).  All of this evidence suggests to a very 
different climate than what exists on Mars today. 
 
The most popular paradigm for the formation of the 
valley networks is that Mars had at one time a warm 
(Taverage > 273), stable and wetter climate.  Possible 
warming mechanisms have included increased surface 
pressures (Pollack et al, 1987), carbon dioxide clouds 
(Forget and Pierrehumbert, 1997) and trace greenhouse 
gasses.  Yet to date climate models have not been able 
to produce a continuously warm and wet early Mars 
(Haberle, 1998).  An alternate possibility is transient 
warm and wet conditions initiated by large impacts. 
 
It is widely accepted that even relatively small impacts 
(~10 km) have altered the past climate of Earth to such 
an extent as to cause mass extinctions (Toon et al., 
1997).  Mars has been impacted with a similar 
distribution of objects.  The impact record at Mars is 
preserved in the abundance of observable craters on it 
surface.   Impact induced climate change must have 
occurred on Mars.  
Background 

 
Large Impacts:  The impacts of asteroids and 

comets larger than 100 km in diameter have left more 

than thirty craters on Mars (Kieffer et al. 1992).  
Collisions of such large, energetic objects result in the 
production of meters thick debris layers that are global 
in extent (Melosh 1989; Sleep and Zahnle, 1997).  
Figure 1 shows a sequence of events associated with 
the impact of a large object.  At impact (Figure 2a) the 
object and a portion of the target material is melted, 
vaporized or pulverized.  A thermally expanding debris 
plume transports the melt/vapor portion, about 20% of 
the total debris mass, globally on ballistic trajectories 
(Figure 2b).  As melt/vapor rains back onto the planet 
with temperature in excess of 1600 K (Figure 2c) it 
radiates to the surface increasing the surface and 
atmospheric temperature rapidly.  The remaining 80% 
of the total debris mass is composed of pulverized rock 
with temperatures of about 400 K and is confined to 
within a few crater diameters of the impact center.  A 
100 km impact will result in a global melt/vapor debris 
layer approximately 10 cm thick and a local pulverized 
debris layer several meters thick (Figure 2d). 
 
In addition to the heat introduced by the impact, a 
substantial amount of vaporized water, both from the 
impactor itself and from the target material is injected 
into the atmosphere.  A large impact may release an 
equivalent global surface water layer meters or more in 
depth.  Water vapor is an excellent greenhouse gas and 
works to trap the impact generated heat within the 
atmosphere.  The hot rock debris layer and the 
additional water greenhouse may keep surface 
temperatures above the freezing point of water for as 
long as several decades (Segura et al., 2002).  As the 
atmosphere cools water injected into the atmosphere 
will condense and precipitate to the surface.  Following 
the impact, the thermal pulse that travels downward 
into the regolith may release additional water from 
subsurface reservoirs adding to the total liquid water 
amount at the surface.  In principle, depending on the 
composition of the impactor and the target material, 
large impacts could inject enough water to explain 
some of the geomorphic evidence for liquid water at 
the Martian surface. 
 

The environmental effects of 100 and 200 km 
diameter objects on the Martian surface have been 
explored with a 1D (height) model (Segura et al., 
2002).  This model includes a radiative transfer code to 
calculate the evolution of the atmospheric temperature 
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following the impact and a model of the regolith to 
calculate the evolution of the ground temperature. In 
all simulations Segura et al. (2002) assumed a surface 
pressure of 150 mbar (CO2 + water vapor) and a 1% 
water fraction in the impactor and target material.  It 
was found that the planet can be kept above freezing 
for years (decades) following the impact of a 100 (200) 
km diameter object, and that a half a meter (few 
meters) of water may precipitate from the atmosphere 
and melt from the subsurface as a result of this 
warming.  Larger impacts kept the planet above 
freezing for centuries, and released larger amounts of 
water.  These 1D calculations suggest that large 
impacts have the potential to drastically alter the 
climate for many years and provide a source of surface 
water.  At a minimum, large impacts would have 
worked to redistribute water globally as injected water 
is transported and condenses out.  Multiple impacts 
over time may have worked to globally fractionate 
Martian subsurface water through a process of release 
and transport. 

 
GCM Simulations:  The obvious limitation of 

these 1D calculations is the absence of dynamics.  An 
accurate assessment of the effects of impacts on the 
climate will need to include the transport of both heat 
and water vapor.  Reported here are the initial results 
of post impact climate simulations using the Ames 
Mars General Circulation Model (MGCM).  A 
hydrological cycle has been incorporated into the 

Ames MGCM that includes the formation of clouds, 
precipitation and surface reservoirs.  In these 
simulations, an initial warm and wet atmosphere, like 
that which would immediately follow an impact, is 
allowed to evolve back to a steady state.   
 

As an example, the results of one of these 
simulations is shown in Figure 2.  In this specific 
simulation the global atmosphere was initialized 
isothermally at 300 K, a subsurface soil layer 2 m thick 
was initialized at 350 K, and approximately 5 pr. cm of 
water vapor was uniformly mixed everywhere.  Figure 
2 shows the total accumulated liquid rainfall for the 
first 100 days of the simulation.  Also shown in Figure 
2 is the MOLA topography (black contours), the 
location of outflow channels (black speckles), and the 
location of network channels (red speckles).  The 
location of the region of observed hematite and Gusav 
Crater are also indicated.  Maximum rainfall 
accumulation is greater than 400 cm.  Locations of 
high rain fall amounts appear to be controlled by large 
scale topography.  In general there is good correlation 
between areas of highest rainfall and the location of 
outflow channels.  The correlation is not as good for 
areas of highest rainfall and the location of outflow 
channels, however.  In particular, this simulation 
predicts dry conditions on the eastern and southern 
sides of Tharsis. 
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High Channels on Mars Indicate Hesperian Recharge at Low Latitudes.  N. M. Coleman1, 

C. L. Dinwiddie2, and K. Casteel3, 1Member, American Geophysical Union (nmc@nrc.gov), 2Southwest

Research Institute (cdinwiddie@swri.edu), 3Member, American Geophysical Union (252 Johnston Ln.,

Mercersburg, PA 17236).

Abstract: A special class of Martian outflow

channels discharged from enormous fracture zones.

These channels were sourced by groundwater, not

surface water, and when observed on high-standing

plateaus they provide paleo-indicators of climax

groundwater levels. We identify two outflow channels

of Hesperian age that issued from a 750-km-long fault

zone extending from Candor Chasma to Ganges

Chasma. One channel source stands ~2600 m above

the datum, too high to be explained by discharge from

a global aquifer. The indicated groundwater levels

require regional sources of recharge and provide

evidence that a high-standing, ice-covered lake

probably existed in eastern Candor Chasma.

Introduction:  The transition from the Noachian

to the Hesperian era represents a significant shift in

surface conditions on Mars. The crust formed during

the Noachian, and the planet was heavily bombarded

by planetesimals. It is likely that the atmosphere was

thickest and the water inventory highest during this

time because isotopic evidence shows that the planet

has lost large fractions of water and other volatile

inventories over geologic time [1]. Extensive valley

networks developed in the cratered highlands [2] and

lakes possibly formed in many craters [3]. Noachian

erosion rates are estimated to have been ~1000 times

greater than during later eras [4]. By Hesperian time,

which began 3.5–4.3 Gyr ago [4], the atmosphere had

thinned and a thick, planet-wide cryosphere may have

evolved [5]. Immense shield volcanos began forming

in Tharsis, and flood basalts inundated large areas.

The Hesperian was also the peak of outflow channel

activity [6], when enormous channels were carved

and large water bodies may have collected in the

northern lowlands [7,8]. But how did water accumu-

late in the floodwater source areas?

Polar Recharge:  Extensive groundwater re-

charge is inconsistent with the idea of a thick planet-

wide cryosphere on Mars, which would inhibit the

migration of water from the surface to underground

aquifers. To resolve this dilemma, it has been sug-

gested [8,9] that Hesperian recharge occurred at the

base of the polar layered deposits and migrated to low

latitudes in a globally connected aquifer system. Carr

[10] tested this polar recharge model using the

MOLA database of surface elevations obtained by

Mars Global Surveyor. He identified 1500 m as a soft

upper limit for the elevation at which recharge can

efficiently occur by melting beneath the south polar

layered terrains. Carr [10] concluded that major

discharges of groundwater onto the surface at eleva-

tions >1500 m are unlikely to have the South Pole as

a source. Examples of high-standing water-carved

features include valleys on the flanks of Alba Patera

and Ceraunius Tholus. These valleys could readily be

explained by local processes, such as erosion by

discharges from hydrothermal springs [2].

Outflow Channels Near Ganges Chasma:  We

have studied two specific channels that reveal new

insights about Hesperian paleohydrology. They pro-

vide evidence that regional groundwater recharge

occurred at low latitudes during one or more intervals

of Hesperian time. Elaver Vallis begins at the eastern

rim of a large, 80-km-wide Noachian crater located

south of Ganges Chasma (Figure 1A). A pit more than

5000 m deep resides inside the southern part of this

crater. We interpret this pit as being undermined and

excavated by the eruption of confined groundwater,

forming a Hesperian lake in the surrounding crater.

The crater floor is exceptionally flat and smooth. A

profile 40 km long from west to east across the center

of the crater shows that elevation varies less than ~30

m [11]. This smooth crater floor morphology is consis-

tent with lacustrine deposition. Lake levels rose so

high that the eastern crater wall was breached, leading

to catastrophic release of ponded waters and the

carving of the Elaver Vallis channel complex. The

flooding apparently occurred during the mid- to late-

Hesperian because the channel eroded lower Hesperian

strata (unit Hpl3) of the Plateau Sequence [12].

West of Elaver Vallis is Allegheny Vallis (name

provisionally approved by the IAU), a channel that

emerges from an elongated pit (Figure 1, A to C). This

channel was nearly imperceptible in Viking imagery,

but MOLA data confirm that it is a continuous valley

250 km long that terminates at the western rim of

Ganges Chasma.  At first glance, the channel looks like

a typical valley network, but in fact it is a true outflow

channel. The waters that carved Allegheny Vallis

erupted from the surface at an elevation of ~2600 m,

far above the 1500 m threshold [10] for contributions

from polar basal recharge. Could the channel elevation
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have changed over time? Extensional tectonics in the

Valles Marineris seem more  likely to have lowered

the channel than to have raised it. Therefore, if the

channel source elevation has not changed apprecia-

bly, or has been lowered since Hesperian time, or if

relative elevation differences have been preserved,

then the outflows must have derived from regional

recharge at higher elevations. Allegheny Vallis cut

upper Noachian strata [12], but it also embays Ganges

Chasma, which mainly formed during the Hesperian.

The discharge probably occurred in

mid- to late-Hesperian time, concur-

rent with the flows in Elaver Vallis.

The discharges that carved Alle-

gheny and Elaver Valles erupted

from depressions in a long chain of

pits (Figure 2) that extends 750 km

from eastern Candor Chasma to

western Ganges Chasma. We inter-

pret the pit chain as the surface

manifestation of a mega-fracture

zone or an incipient graben system

that was part of the Valles

Marineris structural complex. This

fault system would likely have cre-

ated highly anisotropic conditions in

the aquifer system, greatly enhanc-

ing the easterly flow of groundwater.

The idea that both channels were

carved by aqueous flows from the

same mega-fracture zone suggests

that the flows were concurrent. More

discharge over a longer time could

have occurred in Elaver Vallis be-

cause its outflow zone is lower in

elevation than is the source of Alle-

gheny Vallis.

We can now add Allegheny and

Elaver Valles to a special class of

Martian channels: those that were

carved by flows emerging from im-

mense fault zones. Such channels

include Athabasca Vallis, which

emanated from the Cerberus Fossae

[13], and Mangala Valles [14],

which discharged from the

Memnonia Fossae west of Tharsis.

The fact that some large Martian

channels debouched from fault zones

supports a groundwater source and aqueous flood

origin, and contradicts speculative mechanisms for

outflow channel formation, such as carving by wind

[15] or erosion by gas-supported debris flows [16].

Carbon dioxide-based models, which re-cently seemed

plausible [16,17], face theoretical difficulties that now

appear insurmountable [18,19].

Hesperian Recharge Zones: Where do we find

potential recharge areas for Allegheny and Elaver

Valles, and for most of the large outflow channels that
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emptied into Chryse Planitia? Large regions near the

Valles Marineris stand higher than 2500 m (Figure 3),

including the elevated terrain of the Tharsis plateau,

Olympus Mons, and Alba Patera. Other high-standing

terrain includes the Hesperian plains of Syria Planum,

Sinai Planum, and Solis Planum. We estimate that

over 80 percent of the high ground is covered by

Amazonian and Hesperian units [12]. We infer that

Hesperian strata occur beneath most of the Amazo-

nian units because geologic mapping [12] shows only

a few unconformities where Amazonian deposits

directly contact Noachian units. The occurrence of

widespread Hesperian volcanism over most of the

potential recharge areas for Allegheny and Elaver

Valles suggests causal relationships between long-

lived volcanism, large-scale genesis of liquid water,

and channel formation. We note that Hesperian water-

carved features may have existed in some areas now

veneered with Amazonian strata.

Canyon Lakes:  Groundwater generated west and

north of the aligned volcanos of Tharsis Montes

would have flowed westward into Amazonis or into

the northern lowlands. Groundwater east of Tharsis

Montes and south of the Valles Marineris would have

flowed generally toward the canyons, supporting ice-

covered lakes in the basins.  Water could readily have

been stored in canyon lakes beneath ice covers, even

at the equator. Thin (~1 m) deposits of dust or ash on

ice covers would stabilize sublimation  rates at ~10-5

cm yr-1 [4]. The current topographic configuration

would not permit deep lakes in the canyons because

water would drain eastward to ultimately discharge in

Chryse Planitia. Present-day topography shows that

portions of canyon floors in Melas and Coprates

Chasmas are deeper than the canyon floors to the east.

It would be possible for water bodies deeper than 1000

m to collect within them if water were released.

However, these water bodies would be limited in

height by overflow elevations of -3600 m to -3900 m

in the eastern canyons. During the Hesperian, if the

juncture between Coprates and Capri Chasmas had

been closed, lake levels to the west would still have

been limited by the ~1720 m overflow elevation of the

canyon rim at 16.08°S, 56.33°W. Much higher lakes

would have been possible in ancestral western canyons

with higher rims (e.g., Candor, Ophir, and Melas

chasmata) if they had been fully enclosed, similar to

Hebes Chasma today. Landform evolution in the

canyons provides a possible explanation for former

high lake levels and the ~2600 m outflow elevation of

Allegheny Vallis.

We interpret the geomorphic evidence described

above to propose that one or more ice-covered lakes

existed in eastern Candor Chasma (and perhaps also in

Melas Chasma and western Coprates Chasma) when

Allegheny Vallis was carved. The ice-covered lake

surfaces would have been in equilibrium with regional

groundwater levels.  Groundwater would have prefer-

entially drained eastward toward Ganges Chasma,

which may also have contained an ice-covered lake

[19]. The aquifers east of Candor would likely have

been confined beneath a cryosphere. Eventually, the

potentiometric surface in these confined aquifers rose

above the land surface, creating conditions for ground-

water breakout. High groundwater levels would have

helped to lubricate fault zones, increasing the potential

for tectonic activity. A major fault movement may

have occurred, causing groundwater breakouts to form

the pits at the source locations of Allegheny and Elaver

Valles. Heat from igneous intrusive events may also

have contributed to fluid breakouts [20].

Water Ice Reservoirs: During the Hesperian, it

appears that large volumes of liquid water were period-

ically produced near the Martian surface. The amounts

were sufficient to partially fill a proto-Candor Chasma

to >2600 m and to supply an active groundwater

system. If the ancestral canyons had been smaller and

more poorly connected than their modern counterparts,

the water volumes needed to fill the ancient canyon

lakes would have been much smaller than the canyon

volumes we observe today. A likely source for liquid

water was volcano-ice interaction [4]. We suggest that
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atmospheric conditions in mid- to late-Hesperian,

proximal to major volcanic eruptions, permitted

precipitation of snow onto elevated terrain of the

Tharsis plateau and other high terrain east of Tharsis.

The plateau may have served, in effect, as a third

“pole” of ice accretion. Precipitation would have been

catalytically aided by gaseous and particulate emis-

sions from Tharsis volcanism. Ice may also have

deposited directly as frost during the adiabatic cool-

ing of air masses rising onto and traversing Tharsis.

Even under the present atmosphere, orographic

formation of water ice clouds is common over the

Tharsis rise [21]. Ice blankets layered with aeolian

dust and volcanic ash could have accumulated at rates

that outstripped sublimation. Fan-shaped landforms in

Tharsis have been interpreted as the deposits and

remnants of cold-based mountain glaciers [22]. More

extensive former deposits would have provided

substantial reservoirs of water ice that were suscepti-

ble to catastrophic melting. Eruption of flood basalts

could have periodically melted these reservoirs and

provided large volumes of water for surface runoff

and infiltration. Highly permeable basalt aquifers

would efficiently transport meltwaters eastward from

recharge areas to the ancestral Valles Marineris

canyons. The Hesperian structural complex of Noctis

Labyrinthus (10°S, 100°W) provided a network of

surface and underground pathways that would have

enhanced drainage from elevated terrain in central

Tharsis. The underlying structural complex is proba-

bly larger than mapping indicates [12] because

Amazonian and upper Hesperian units appear to have

overlapped and concealed a large part of its surface

expression.

Conclusions:  The polar basal recharge model

[8,9] may indeed be a viable mechanism to create

groundwater recharge on Mars. However, we have

found water-carved features at low latitudes that

cannot be explained by polar recharge and seem to

require regional recharge sources on and east of the

Tharsis plateau. Our results are consistent with the

conclusions of researchers [3] who found that

paleolake activity in Martian impact craters began in

the Noachian era, but continued through the Hespe-

rian and into the Amazonian era. Mars appears to

have experienced periods of hydrologic quiescence

with intermittent and pronounced hydrologic activity

that brought about dramatic evolution of landforms

during post-Noachian time. The evidence for high-

altitude recharge at low latitudes, along with infer-

ences about ice-covered lakes in the ancestral canyons,

can be used to calibrate models of a volcanic-

hydrologic climax during Hesperian time.

Implications for Life:  Deep lakes and aquifers

would have been ideal refuges for any extant life forms

that could have evolved earlier in the Noachian. These

environs would have protected organisms from the

harsh conditions at the present-day surface. The

evidence that a Hesperian lake formerly existed in a

large, level-floored crater at 10°S, 51°W provides a

potential target for landed science missions. Sediments

deposited in the crater may preserve chemical traces of

life forms, microfossils, or even spores. As experi-

ments on Earth have shown, spore-forming bacteria as

much as 250 million years old can be isolated and

cultivated [23]. Therefore, the possibility of recovering

evidence of life, or rejuvenating ancient Martian life

remains an intriguing possibility for future Mars

missions.
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DEVELOPMENT AND TESTING OF LASER-INDUCED BREAKDOWN SPECTROSCOPY FOR THE
MARS ROVER PROGRAM: ELEMENTAL ANALYSES AT STAND-OFF DISTANCES.  D.A. Cremers1,
R.C. Wiens2, Z.A. Arp3, R.D. Harris3, S. Maurice4, 1C-ADI (MS J565), 2NIS-1, 3NMT-15, Los Alamos National
Laboratory, Los Alamos, NM  87545; 4Observatoire Midi Pyrenees, Laboratoire d’astrophysique de Toulouse,
France.

Introduction:  One of the most fundamental pieces
of information about any planetary body is the elemen-
tal composition of its surface materials.

The Viking Martian landers employed XRF (x-ray
fluorescence) and the MER rovers are carrying APXS
(alpha-proton x-ray spectrometer) instruments upgraded
from that used on the Pathfinder rover to supply ele-
mental composition information for soils and rocks to
which direct contact is possible.  These   in-    situ   analy-
ses require that the lander or rover be in contact with
the sample.

In addition to in-situ instrumentation, the present
generation of rovers carry instruments that operate at
stand-off   distances. The Mini-TES is an example of a
stand-off instrument on the MER rovers. Other exam-
ples for future missions include infrared point spec-
trometers and microscopic-imagers that can operate at a
distance. The main advantage of such types of analyses
is obvious:  the sensing element does not need to be in
contact or even adjacent to the target sample.  This
opens up new sensing capabilities.  For example, tar-
gets that cannot be reached by a rover due to impass-
able terrain or targets positioned on a cliff face can now
be accessed using stand-off analysis.  In addition, the
duty cycle of stand-off analysis can be much greater
than that provided by in-situ measurements because the
stand-off analysis probe can be aimed rapidly at differ-
ent features of interest eliminating the need for the
rover to actually move to the target.

Over the past five years we have been developing a
stand-off method of elemental analysis based on
atomic emission spectroscopy called laser-induced
breakdown spectroscopy (LIBS).  A laser-produced
spark vaporizes and excites the target material, the
elements of which emit at characteristic wavelengths.
Using this method, material can be analyzed from
within a radius of several tens of meters from the in-
strument platform.  A relatively large area can therefore
be sampled from a simple lander without requiring a
rover or sampling arms.  The placement of such an
instrument on a rover would allow the sampling of
locations distant from the landing site.  Here we give a
description of the LIBS method and its advantages.
We discuss recent work on determining its characteris-
tics for Mars exploration, including accuracy, detection
limits, and suitability for determining the presence of
water ice and hydrated minerals. We also give a de-
scription of prototype instruments we have tested in
field settings.

LIBS Method:  The LIBS method has been stud-
ied for many years and has recently seen a huge growth
in applications [1-6].  The method is diagrammed in

Fig. 1 for measurements at stand-off distances and a
photo of a laser plasma formed on a cliff face at 18
meters distance is shown in Fig. 2.

In the LIBS method, powerful laser pulses are fo-

cused on the target sample to form a laser spark or
plasma.  Material within the spark is the result of va-
porization/atomization of a small amount of target
material.  The spark light contains the emission spectra
of the elements within the plasma.  Collection of the
plasma light, followed by spectral dispersion and de-
tection, permit identification of the elements via their

Fig. 2.  Stand-off analysis of a cliff face at a distance
of 18 meters.  The horizontal white strip is the result
of surface cleaning by moving the laser beam back
and forth.

Fig. 1.  Experimental set-up for analysis of geologi-
cal samples at stand-off distances under Mars at-
mospheric conditions.  GE=gating electronics;
GT=Galilean telescope; FOC=fiber optic cable;
CL=collection lens; M=mirror; VC=vacuum cham-
ber; VP=vacuum pump.

plasma

path of laser
pulses
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unique spectral signatures.  When calibrated, concentra-
tions can be determined.  Advantages of the method
compared to more conventional elemental analysis
methods include: (1) rapid analysis (one measure-
ment/pulse); (2) simultaneous multi-element detection;
(3) ability to detect all elements (high and low z); (4)
stand-off analysis capability [7]; (5) ability to remove
surface dusts and weathered layers to permit analysis of
underlying bulk materials.  Stand-off analysis is pos-
sible because the laser pulses can be focused at a dis-
tance to generate the laser sparks on a solid.  The dis-
tance that can be achieved depends on characteristics of
the laser and the optics used to focus the pulses on the
target.  The use of LIBS for space applications has
been discussed previously [8] but detailed studies for
this application have only recently been carried out [9-
11].

Experimental Apparatus:  Using a laboratory
“breadboard” LIBS system, a number of experiments
have been carried out demonstrating the capabilities of
LIBS for remote analysis.  The breadboard system
consists of an Nd:YAG laser (10 ns pulsewidth, 35-
100 mJ/pulse, 1064 nm wavelength), a beam expander
(x10 or x20) to expand and focus the pulses on the
sample, a target chamber that can be adjusted to simu-
late the composition of the Martian atmosphere (5-8
Torr CO2), a lens to collect the spark light and a spec-
trograph and optical array detector to process the spec-
tra.  Simulation of the Mars atmosphere is useful, as
the plasma characteristics are affected by the partial
pressure of the surrounding gas. Earlier results [9]
showed that elemental emissions are significantly
stronger at Mars atmospheric pressures than at Earth
pressures due to increased ablation of surface material.
Stand-off distances up to 19 meters between the target
and the optics have been achieved [9].

Results:
Analytical Figures of Merit.  Analytical figures of

merit for LIBS soil analysis include detection limits,
accuracy, and precision.  A calibration curve for the
detection of K (in 6 Torr CO2) in a series of basalt

samples is shown in Fig. 3.  Each measurement in-
volved averaging the spectra from 20 laser plasmas.
The average accuracy for the samples with the five
highest K concentrations (>0.42% K2O) was 8.1%.

Selected detection limits are presented in Table 1
for samples at a distance of 19 meters in an atmosphere
of 5 Torr CO2 and a laser energy of 100 mJ/pulse.
These limits were determined by constructing a calibra-
tion curve for each element using synthetic silicate soil
samples and then plotting the element signal versus
concentration.  Also listed in the Table is the average

Table 1.  Detection limits (DL) for elements
in     synthetic     soils     at  19   meters.                
element           DL(    ppm)               %RSD      
Ba 21 5.5
Cr 39 8.2
Cu 43 10
Hg 647 27
Li 20 8.8
Ni 224 14
Pb 95 13
Sn 84 14
Sr                    1.9                        6.3          

precision of the measurements designated as the
%RSD (% relative standard deviation). Figure 4 shows
the dependence of measurement precision on the num-
ber of LIBS spectra averaged.  Clearly, precision in-
creases with the number of measurements averaged.

Repetitive ablation for surface cleaning.  Repeti-
tive ablation at the same spot on the sample can be
used to remove dusts and weathered surface layers.
This is demonstrated in Fig. 5 illustrating the change
in Mn and Si signals as a weathered granite surface is
ablated.  The ablation crater (depth ≈ 1mm) produced
on jasperoid by repeated sampling (1000 shots) at the
same spot is shown in Fig. 6.

Detection of water ice.  For these experiments, wa-
ter ice samples and water ice/soil mixtures were posi-
tioned on a cold finger chilled by liquid N2 or by a
eutectic mixture of ethanol/dry ice.  The samples were
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located in a sealed chamber containing CO2 at 7 Torr.
A spectrum of pure water ice is shown in Fig. 7 along

with a list of the stronger emission lines observed.
Figure 8 shows the strong emission at 306.4 nm due
to OH emission indicative of water.

Prototype Development and Testing.  A relatively
simple prototype LIBS instrument was built and in-
corporated into the NASA Ames K9 rover testbed. The
instrument and testing are described in [10]. Figure 9
shows the LIBS sensor head on the right side of the
K9 mast head. The spectrograph, detector, and laser
power supply were contained inside the rover body.
The results were compared with VISIR spectra of the
same rocks. The LIBS results demonstrated the impor-
tance of obtaining elemental compositions to comple-
ment passive spectroscopy, even if the results are
somewhat qualitative in nature. The results also

pointed to the importance of the depth profiling and
surface cleaning capabilities of LIBS. Samples that
showed IR signatures of alteration products were in
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Fig. 6.  Ablation crater produced by 1000 laser pulses
directed at the same point on a sample of jasperoid.
Crater depth is approximately 1 mm.

Figure 9.  K9 rover during joint field tests, 2000,
showing the LIBS prototype sensor head mounted on
the mast.  Photo courtesy of NASA Ames.
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some cases shown by LIBS to carry thin layers of al-
teration covering the pristine rock composition. This
surface cleaning capability is expected to be all the
more useful on Mars, where dust coatings are ubiqui-
tous and the nature of surface alteration is unknown.
Our present development work is focused on improv-
ing the spectrograph and detector system in anticipa-
tion of eventually building a flight instrument. The
spectrograph used for the work described in [10] was
not ideal in that it had a low spectral resolution of
λ/∆λ~500 and a moveable grating with a range of ~80
nm at any given time. A resolution of at least
λ/∆λ~2000 is desirable, and ideally the spectral range
should cover all useful emission lines from 180 to 800
nm. In reality, alternate lines can be used on a number
of elements, reducing the range actually needed. We are
investigating both fixed-grating spectrographs and
echelle spectrographs. Echelle spectrographs have the
advantage of easily accommodating the full spectral
range with sufficient resolution, but they are not opti-
mized for size and optical throughput. A relatively
compact echelle spectrograph (~11x14x29 cm) was
used in field work at the FIDO rover site in 2001. A
LIBS spectrum from this instrument is shown in Fig.
10. We are hoping to optimize the echelle design to
the point where size, optical throughput, spectral reso-
lution, and range are all suitable for a flight LIBS in-
strument.

Acknowledgments:  This work was funded by the
Laboratory Directed Research and Development pro-
gram at Los Alamos National Laboratory and by
NASA through the Mars Instrument Development
Program.
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Introduction: The magnetic pileup boundary
(MPB) at Mars is the position where the dominant ion
of the plasma changes from solar wind protons to
heavy ions of planetary origin [1].  As such, it is the
obstacle to solar wind ions.  We investigate the factors
that influence the shape and position of the magnetic
pileup boundary at Mars in order to better understand
the Martian obstacle to the solar wind.  Employing
MGS data, we determine how the Martian MPB
moves in response to factors including solar wind
pressure and crustal magnetic fields.  We also study
the factors affecting the thickness of the MPB.  Fur-
ther, we compare the magnetic pileup boundary to the
magnetic barrier at Venus.  Direct comparison aids in
our interpretation of the physics involved in the solar
wind interaction with planets lacking a significant in-
trinsic magnetic field.

MPB variability: As external influences fluctuate
and Mars rotates under the Sun, the MPB moves in
and out.  Its variability is obvious in Figure 1, which
shows the position of the MPB as a function of solar
zenith angle.  The superposed line is the fit by Vignes
et al. [2] to the MGS MPB crossings.  The variability
can be caused by a number of factors, including chang-
ing solar wind dynamic pressure, EUV flux, convec-
tion electric field, and position of crustal sources.  The
entire MPB does not have to move in response to local
perturbations.

Fig. 1  Distance of observed MPB crossings as a function
of solar zenith angle.  The fit is that of Vignes et al.
(2000).

The strong crustal fields have the effect of pushing
the MPB position to greater altitudes [3].  Although

there is no MPB crossing by MGS a high southern
latitude, there is a trend that the MPB distance is
greater and more variable in the southern hemisphere of
Mars than in the northern hemisphere (Figure 2).

Fig. 2.  The average MPB position as a function of plane-
tary latitude.  Each MPB position has been mapped to
where it would occur in the terminator plane.  A single
horizontal line will no fit this data.

We have observed the compression of the MPB by
strong incident solar wind ram pressure.  Using a
proxy for the solar wind pressure based on the mag-
netic pressure in the magnetic pileup region, we found
that the MPB is 240 km closer to the planet on aver-
age when the solar wind pressure exceeds 1 nPa. (see
Figure 3).

Fig. 3.  The gray (white) histogram is the terminator posi-
tion of the MPB for cases with PSW > 1.1 nPa (PSW < 1.1
nPa).  To eliminate other sources of variability, we used
only MPB crossings from the northern hemisphere that
had southward electric field direction.
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Our analysis has not revealed a dependence of the
MPB position on the direction of the convection elec-
tric field.  However, our method of determining the
convection electric field direction yields high uncer-
tainties.  Our analyses cannot rule out the possibility
that such an asymmetry exists.

MPB properties:  The MPB is the position across
which the dominant ion changes [1], the electrons cool
[2], the magnetic field strength increases[4], magnetic
field draping becomes well-defined[5], and wave activ-
ity decreases[6].  Generally at Mars, these changes oc-
cur abruptly.  The average MPB thickness (i.e. the
vertical distance over which the changes occur) is 300
km on the dayside.  

In the southern hemisphere, the MPB thickness has
a different distribution than in the northern hemi-
sphere.  The effect of the crustal fields is to make the
MPB thicker on average (see Figure 4).  This may be
understood in terms of the diversion of the shocked
solar wind flow around a mini-magnetosphere that
protrudes into the flow.  The increased flux to the
sides of the crustal field will serve to thicken the MPB
there.  The MPB may be thinner directly above the
crustal fields, however.  Confirmation of this will have
to await further data.  It is difficult to deconvolve all
of the known influences with the current data set.

Fig. 4.  The thickness of the MPB is shown for northern
hemisphere crossings and southern hemisphere cross-
ings.  The distribution is broader and has a higher cen-
tral value in the southern hemisphere.

Venus comparison:  The magnetic barrier is a re-
gion in between the shocked solar wind and the iono-
sphere at Venus [7]. It comprises a mix of ionospheric
and solar wind plasmas. This must be true because the
IMF penetrates the barrier.  Some plasma must carry it
through. Magnetic pressure dominates in this region
(83% of upstream solar wind pressure).

Breus et al. [8] called it the “topside ionopause.”
Photochemical processes produce the transition from
solar wind to planetary plasmas. High Psw modulates
the region. On the other hand, Perez-de-Tejada[9] at-
tributes the “intermediate transition” at Venus to an

expansion of the plasma flow.  Expansion is to com-
pensate for losses to friction as the flow encounters the
ionopause. Wave bursts at plasma frequency are located
at the transition layer

The MPB (Mars) and the Magnetic Barrier (Venus)
both are the obstacle in the gasdynamic description of
the interaction [7].  The top altitude of the MPB is
higher than the top of the magnetic barrier at Venus in
terms of planetary radii. Both are depressed to lower
altitudes and have higher peak magnetic fields with
increasing solar wind pressure.  A stronger asymmetry
with electric field direction is observed at Venus than
Mars.

The magnetic field strength builds over a short dis-
tance at Mars, and remains high over an extended dis-
tance before reaching the ionopause.  There is a region
of sustained high magnetic field that is sometimes up
to 1000 km thick between the MPB and the iono-
sphere proper.  In contrast, the magnetic field builds
over an extended distance at Venus and achieves its
maximum close to the ionopause.

Summary: Both Mars and Venus have a region in
which magnetic pressure dominates that separates the
planetary plasma from solar wind plasma.  This
boundary is the effective solar wind obstacle in the
gasdynamic approximation. The MPR covers a larger
part of the solar wind interaction region at Mars than at
Venus.

The Martian MPB has variability of ±400 km at
the terminator (or .12 RMars).  We have verified that
solar wind pressure and crustal fields modulate its
postion. There is no evidence that electric field direc-
tion is important, although these results are not con-
clusive. Solar wind pressure plays a role at both Mars
and Venus. Crustal magnetic fields play a role only at
Mars.

 The MPB thickness has a variability of ~300 km
(or .09 RMars).  The MPB is thicker on the nightside,
under low solar wind pressure, and in the southern
hemisphere.
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Introduction:  Understanding of the diurnal, seasonal 

and epochal water transport and volatile loss on Mars is of 
major scientific interest. Volatile loss is a cornerstone of a 
number of important science questions because it must be 
understood to help explain the current atmospheric state and 
the relative lack of water on the planet. A new ground-to-
exosphere GCM is needed which considers volatile loss 
processes and must include explicit ground interaction with 
the lower atmosphere, vertical transport of H2O, and enough 
chemistry to reasonably represent the loss of H and H2 (and 
heavier species) from the upper atmosphere and exosphere.  
Including these regions in a Mars GCM allows for the esti-
mation of global escape fluxes for the present time, which 
can then be extrapolated backward in time to post-cast the 
atmospheric state at significantly earlier time periods with 
different orbital elements. 

We are in the process of creating a new Mars GCM that 
will extend from the planetary surface to altitudes of about 
500km, thus coupling the lower and upper atmospheres.  It 
will explicitly include interactions between the ground and 
the atmosphere, such as gas phase and dust particle exchange 
between the two regions, and the effects of topography.  
Volatile transport will be simulated over both short (daily) 
and geological timescales to study the water distribution and 
to predict the D/H ratio of the present day atmosphere, 
thereby helping to constrain the history of water on the 
planet. 

     The new Mars GCM will include simulations of the trans-
fer of water from the planetary regolith into the atmosphere 
through boundary layer processes.  We will also explore the 
role that mesoscale dynamical processes play in lofting dust 
into the atmosphere.  The role of the dust and clouds in the 
planetary heat budget will be included through the use of 
specific microphysical and radiative transfer modules.  The 
Mars ionosphere will be simulated with a detailed suite of 
chemical reactions, and over the long-term, the evolution of 
the D/H ratio will be predicted. 

 

Figure 1.  Major components of the new Mars GCM. 
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PHYSICAL CHARACTERISTICS, GEOLOGIC SETTING, AND POSSIBLE FORMATION
PROCESSES OF SPRING DEPOSITS ON MARS BASED ON TERRESTRIAL ANALOGS.
L. S. Crumpler, New Mexico Museum of Natural History and Science, 1801 Mountain Road NW, Albuquerque,
NM 87104; lcrumpler@nmmnh.state.nm.us.

Introduction. Spring formation is a predicted
consequence of the interaction of former Martian
aquifers with structures common to Mars, including
basin margins, Tharsis structures, and other struc-
tural deformation characteristics. The arid environ-
ment and high abundance of water soluble com-
pounds in the crust will have likewise encouraged
spring deposit formation at spring sites. Such
spring deposits may be recognized from morpho-
logical criteria if the characteristics of formation
and preservation are understood.

An important first step in the current Mars explo-
ration strategy [10] is the detection of sites where there
is evidence for past or present near-surface water on
Mars. This study evaluates the large-scale morphology
of spring deposits and the physical processes of their
formation, growth, and evolution in terms that relate to
(1) their identification in image data, (2) their forma-
tion, evolution, and preservation in the environment of
Mars, and (3) their potential as sites of long-term or
late stage shallow groundwater emergence at the surface
of Mars.

Purpose of this Research. The general geologic
diversity of spring deposits and the factors controlling
their formation and distribution are poorly constrained
and incompletely documented. In addition, the relative
importance of concentrated thermal sources (magmatic
heat), water heated through deep groundwater circula-
tion, and the mechanisms whereby water may circulate
and emerge at the surface have been documented for
limited settings. Systematic documentation of the
range of spring deposit morphologies and their modes
of formation is needed in order to search for spring
deposits in the appropriate places on Mars and to be
able to identify spring deposits given their wide range
of characteristics. A survey of the large-scale morphol-
ogic characteristics and the geologic processes of
spring deposits from the perspective of aerial identifi-
cation, surgical processes, and general geologic
association is needed in order to provide geologic
context for biological, chemical, and in situ analyses
and resource utilization studies.

Research on spring deposits has focused to date
on obvious thermal springs consisting of combina-
tions of carbonates, sulfides, related mineral species,
and siliceous sinter, yet the vast majority of springs
are of non-thermal origin and are constructed from
low-temperature minerals dissolved in deeply circu-
lated ground water. This second (low-temperature)
type is likely to be important at many sites on Mars
where groundwater emergence may be governed by
hydrologic gradients more so than simple thermal
convection. It is also likely to be more widespread
given the limited occurrence of volcanic settings on
Mars. The physical processes of mineral spring devel-
opment, and the importance of an arid environment in
preserving and controlling these processes, are not well

studied. This study establishes (1) the characteristics
by which they can be morphologically recognized to
provide additional criteria for high science potential,
and the details of spring deposit deposition, and (2)
the structure that may relate to accurate identification
and interpretation of outcrops at lander and rover
scales of observation.

Spring Deposits on Earth. Deposits accumulated
at the site of springs have been studied for their
economic importance [1], and because their chemical
and biological origins are significant to understanding
both early hydrologic and biotic processes [2].
Although it is frequently assumed that spring mound
formation is associated with warm ("hydrothermal")
springs, many, and arguably most, examples arise from
water emerging at or near ambient temperature (Figure
1). The observed temperature of most active spring
discharges associated with spring mound formation is

between 5° and 30°C [3]. Therefore the characteristics
of “hot springs” are only one of a family of spring
deposits that may be applicable.
Characteristics of Spring Deposits. Spring deposits
may be as thick as 100 m and cover hundreds of square
kilometers. They generally occur in one of five basic
morphologies [3]: cascades, lake-fill, sloping mounds
and fans, terraced mounds, and fissure ridges. In
addition to these morphologies, a central vent-like
(cratered cone) characteristic of non-thermal mineral
springs occurs in a significant number of sites
throughout the Southwest. Cratered cone spring
morphologies appear similar to small volcanoes in that

Figure 1. Vioew of an ctive travertine spring de-
posit occurring along the western margin faults of
the Rio Grande rift, New Mexico. The source
springs are ambient temperature at the source.
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they constitute distinct cones several hundred meters
to over a kilometer in basal dimension that are fre-
quently surmounted by a summit “crater” (Figure 2).
The differing morphologies arise because the process
of volume accumulation is constrained by the variable
geometry and dynamics of a point source. The mor-
phology may be sufficient for detection of spring

sites from aerial and orbital image data when combined
with knowledge of environments favorable for spring
formation, their morphological variability, and factors
influencing their morphology. Spring deposits are
predicted to occur where there is evidence for long-term
emergence of ground water at the surface or where
emergence is predicted from considerations of poten-
tial groundwater hydrologic gradients.

Mineralogy of Spring Deposits. A significant part
of most spring deposits terrestrially is travertine, a
form of freshwater evaporite rock formed by both
organic and inorganic processes [3,4]. CaCO3 is the
primary dissolved mineral in terrestrial spring deposits
(Fig. 1), but H2S is also significant in many springs
and supports most of the bacterially precipitated
deposits [3]. It is easy to envision that other water
soluble minerals and elements, such as sulfur and
sulfur-iron compounds, could be important where these
are important constituents of host rocks.

Geologic Setting of Spring Deposits. Three
conditions characterize spring deposits
• tectonism (high-angle faults)
• brine concentration (evaporation)
• water-soluble host rocks (mineral-source)

Throughout the southwestern U.S., spring de-
posits occur where a significant vertical disconti-
nuity interrupts the subsurface flow and forces the
groundwater to emerge at the surface. Many spring
deposits are therefore associated with tectonic

features such as high-angle faults and other
prominent upper crustal discontinuities such as
anticlines (Fig. 3) and monoclines.

Spring deposits are particularly common in as-
sociation with high-angle faults (Fig. 4), which act
as high hydraulic conductivity conduits for aqui-
fers confined by overlying aquitards and aquiludes.
Faults on the margins of basins and other discon-
tinuous structures, such as anticlines, where aqui-

FIGURE 2. Air photo of a typical travertine mound, one of m
such mounds consisting of freshwater carbonates associated
the emergence of deeply circulated ground water along high-a
fault lying down the hydrologic gradient from the Springerv
volcanic field [11].

Figure 3. Example of travertine spring deposits
(mapped in red ) occurring along the axis of a large
anticline. Active deposition of spring deposits in
the form of conical mounds is occurring from water
charged with CO2 and at ambient temperature in this
area.
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fers are brought in contact with less permeable

rocks or where an aquifer is abruptly terminated
within existing topographic slopes by recent fault-
ing are common sites (Fig. 2, 3). Spring deposits are
thus associated with many tectonically active and
formerly active areas where evaporation rates and
mineral content of spring water are high.

Conditions for Spring Deposit Forma-
tion. Based on the observed characteristics of
spring deposits discussed above, not all spring
deposits are associated with high groundwater
thermal conditions. Any physical or chemical con-
dition that results in dissolution of minerals in
water and its deposition upon evaporation can re-
sult in significant deposits. The morphology of
deposits is repeated in many deposits implying
that a restricted set of characteristics is common to
springs in a wide range of settings.

Results of this study indicate that three
conditions are common to all spring deposits: (1)
evaporation due to either (a) high temperature or (b)
arid conditions; (2) circulation of water vertically

within the near surface or upper crust either as a result
of (a) free (hydrothermal) convection or (b) forced
convection (emergence at a discontinuity); and (3)
presence of significant abundances of dissolved
minerals: crustal abundance of dissolvable minerals
along the hydrologic pathway. On this basis it is
suggested that two fundamental types of setting may
be identified: (1) thermal type settings and (2) desert
type settings.

Application to Mars. The upper few kilometers of
the Martian crust are likely to be highly fractured [5, 6]
and thus permeable to fluid flow and aquifer develop-
ment [7]. If water is present in the subsurface as a fluid,
it will accumulate within the permeable zone and, under
the force of gravity, flow from topographically HIGH re-
gions to regions of discharge at topographically low re-
gions. At that point it is either discharged or accumu-
lated in the subsurface. The gradient on the upper
surface of the water-saturated region defines the top of
the water table [8, 9]. The relief on the water table, or the
potenti_ometric surface controls the flow, which is
generally a subdued reflection of the surface topogra-
phy. At the largest scales, we may expect that water in a
Martian aquifer of regional extent will flow from high
elevations, such as the highlands to lowlands or local
basins.

An example setting would be on the margins of
basins. Faults and other discontinuous structures, in-
cluding antiformal and graben type structures, may be

FIGURE 4b. Geologic map of a commercial sloping
mound-and-fan type spring (travertine) deposit near
Belen, New Mexico. Spring deposits at this site are one
of many that are forming where de-watering of the ele-
vated Colorado Plateau geologic section is occurring
and water is emerging along one of the western bound-
ary faults of the Rio Grande rift. Spring waters are rela-
tively low-temperature and carbonate-charged. Active
deposition is limited to relatively small areas that con-
tinually migrate leaving behind inactive deposits. Map
after [12, 13].

Figure 4a. Active sloping mound and conical
mound spring deposits associated with forced
convection (high angle fault).
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common sites where aquifers are brought in contact
with less permeable rocks, or where an aquifer is
abruptly terminated within existing topographic
slopes by faulting. Sulfur, sulfides, and related iron-
rich materials may be important water-soluble
materials that could constitute spring deposits on
Mars. Given the deeply brecciated nature likely for
the highlands and the widespread distribution of
atmospherically transported volatiles and dust,
including volcanic and impact-generated aerosols, the
crust is likely to be liberally mixed with compounds
that are unstable in water.

There are many physical features over the surface
of Mars that are similar to the morphologies typical
of terrestrial spring mounds. For example, large areas
of pitted mounds, generally interpreted as hydro-
magmatic (e.g., “pseudo-craters”, Frey et al., 1979)
or ice-related phenomena (pingos), bear many of the
characteristics of summit-pitted spring mounds (Fig.
5a). Other anomalous mounds in non-volcanic terrain
occur around basin margins (Fig. 5 b ). these
frequently occur in young basins or around the
margins of basins.

formed from carbonates appear relatively unlikely on
Mars because there is as yet little evidence for exten-
sive carbonate in the surface. Nonetheless many
minerals are soluble in water and will respond similarly
to dissolution, transportation, and deposition during
desiccation. The abundant of dissolvable compounds
in the Martian crust must be great. Given the deeply
brecciated nature likely for the highlands and the
widespread distribution of atmospherically transported
volatiles and dust, including volcanic and impact-
generated aerosols, the crust is likely to be liberally
mixed with compounds that are unstable in water.
Sulfur, sulfides, and related iron-rich materials may be
important water-soluble materials that could constitute
spring deposits.
This research is supported by the Mars Fundamental
Research Program, NASA.

References. [1]Austin and Barker, . New Mexico Geology,
New Mexico Bureau of Mines and Mineral Resources, 12, 49-58,
1988; [2]Fisher, Unpublished M.S. thesis, New Mexico Institute of
Mining and Technology, 152 pp, 1979; [3](Chafetz and Folk, . J.
Sed. Petrology, 54, 289-316, 1983; [4] Julia, Travertines. in
Carbonate Depositional Environments, P. A. Scholle, D. G.,
Bebout, and C. H. Moore, eds., AAPG Memoir 33, 63-72, 1983;
[5]Fanale, Icarus, 28, 179-202, 1976; [6] Carr, J. Geophys. Res.,
84, 2995-3007, 1979; [7]Clifford, . J. Geophys. Res., 98, 10973-
11016, 1993; [8] Hubbert, . Am Assoc. Petrol. Geol. Bulletin, 37,
1954-2026,1953; [9]Freeze and Cherry, Groundwater. Prentice-
Hall, Englewood Cliffs, New Jersey, 604p., 1979; [10] Mars Ex-
ploration Payload Group and Committee for Planetary Explora-
tion, Science Planning for Exploring Mars, , Smithsonian
Institution, Washington, D.C.  JPL Publication 01-7, 2001; [11]
Crumpler, New Mexico Geol. Soc. Field Conference Guidebook,
45th Field Conference, Mogollon Slope, 147-164, 1994; [12] Kel-
ley and Wood, : U. S. Geol. Survey, Oil and Gas Investi-
gation, Prelim. Map 47, scale 1:63,360. 1946; [12]
Cooper, Unpublished Report to Ultra Marbles Inc.,
ALbuquerque, 66pp, 1964.

Figure 5a. Pitted mounds within the Isidis ba-
sin, long interpreted as possible volcanic con-
bes, may equally epresent the surface expression
of volatile release from the subsurface analogous
to spring deposits.

Figure 5b. Anomlous cone located on structure in
an otherwise non-volcanic highland region.The area
is down-gradient from significant valley network
concentrations.
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Introduction:  The RMS roughness measurements 

produced by Neumann et al. [1] from Mars Orbiter 
Laser Altimeter (MOLA) data provide unique 
information about surface height variations at an 
effective length scale of < 75 m.  Roughness at this 
scale is important not only for landing site safety 
considerations, but also for assessment of landscape 
evolution, which depends on emplacement 
mechanisms and  erosional/depositional processes.  

Here we present an examination of the global 
surface roughness map with discussion of terrain types 
and potential formation and/or alteration mechanisms. 
Spatially coherent terrain types were identified based 
on inspection of the roughness map.  These terrains 
were further characterized through analysis of 
morphology and geology using MOLA topography, 
MOC wide-angle, and MOC narrow-angle images as 
well as the geologic maps produced by Scott & Tanaka 
and Greeley & Guest [2,3].  All of these data were 
used to explore potential formation and modification 
processes. 

 Roughness Controls: The roughness of a terrain 
at any length scale is controlled both by formation and 
subsequent modification processes and events.  For 

example, emplacement of volcanic flows tends to 
smooth terrains over long length scales (100’s meters 
to kilometers) and may produce rough surfaces at finer 
scales due to formation of flow surface textures (e.g., 
a’a lava), flow fronts, pressure ridges, cones, and 
related features.  Volcaniclastic processes tend to 
smooth surfaces at all scales.  Impact cratering 
produces landforms that can be both rougher and 
smoother than pre-existing terrains.  Tectonic 
processes tend to roughen surfaces, but mass 
movement on resultant slopes can be a diffusional 
process that smooths tectonically controlled terrains. 
Erosion by wind and water is intrinsically a 
roughening process whereas deposition in association 
with these fluids tends to smooth surfaces.  Likewise, 
periglacial and glacial processes produce landforms 
that can be either rougher or smoother than pre-
existing surfaces, depending on the nature of the 
materials and whether erosional or depositional modes 
produced the features.  The objective of the current 
work is to delineate the relationships between 
roughness and landforms, with an emphasis towards 
understanding emplacement and modification 
processes.   

 
Figure 1. Global surface roughness map of Mars. A square root color stretch was applied; warm colors indicate high
roughness values while cool colors are low.  Blackened areas have no valid data.  The white boxes correspond to context 
image locations for Figures 2. 
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Terrain Types: The global distribution of surface 
roughness is illustrated in Figure 1.  The most 
noticeable features are intuitive: crater rims and ejecta, 
rocky canyon walls in Valles Marineris, and the 
dissected Olympus Mons aureole are rough, whereas 
northern plains deposits, large basin interiors, and 
extensive volcanic flow fields such as those found in 
Syrtis Planum are relatively smooth.  As an example of 
a volcanic depositional regime, the Hesperian-aged 
lava flows in Syrtis Planum typically exhibits RMS 
roughness values below the 1-meter detection limit 
(Figure 2A). Small crater rims and caldera walls of 
Nili and Meroe Patera are observed as rough circular 
features within this otherwise smooth and nearly 
featureless terrain.   

 Other terrains are slightly less well recognized for 
intrinsic roughness properties and are more complex in 
their formation and modification histories. For 
example, the Medusa Fossae Formation extending 
west of Tharsis along the crustal dichotomy boundary 
is characterized by several large lobate mounds of 
Amazonian-aged layered materials (Figure 2B). This 
formation is thought to be composed of thick 
accumulations of volcanic ash that was subjected to 
extensive aeolian erosion [2,3,4]. Consequently, the 
observed moderate to high surface roughness values 
may be attributed to both the friable nature of the 

original deposit as well as the differential erosion that 
has sculpted the formation to its present form.  

 Vastitas Borealis dune fields located in the high 
northern plains are also notable as terrains with 
enhanced RMS values (typically 2-5 m). High-
resolution (512 pixel/degree) MOLA coverage is able 
to resolve lineated dunes with spacing up to 1 km, 
enhancing the observed roughness as regional slope 
effects were removed at the km-wavelength scale. In 
MOC narrow-angle coverage, individual dunes can be 
observed to overly subdued-appearing patterned 
ground. 

Glacial or ground-ice interactions also affect 
surface roughness properties. The relatively small area 
located at approximately 40ºN, 150ºW in southeast 
Arcadia Planitia may be one example (Figure 2C). This 
teardrop-shaded area does not display a discernable 
topographic signature, was not previously identified as 
a distinct geologic unit, and cannot be discerned by 
thermal inertia or albedo from surrounding materials.  
Analysis of MOC narrow-angle images, however, 
reveal that this relatively rough terrain consists of 
multiple elongate pits which seem to merge together to 
produce the lineated or grooved landscape that is 
characteristic for the unit.   

In summary, there are many landforms that show 
distinct RMS roughness signatures relative to 

Figure 2. Example terrains of various roughness and landscape morphology.  Context images (locations indicated in Figure 1)
are roughness values overlain on MOLA-derived shaded relief. (A) MOC NA image M0801865 showing smooth dark terrain in
Syrtis Planum, (B) MOC NA image M0202978 showing differentially eroded layered deposits in the Medusa Fossae Formation,
and (C) MOC NA image M1000770 showing both individual and merged elongate pit structures from the teardrop-shaped
terrain in southeast Arcadia Planitia.  Illumination is from the lower left in this image. 
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surrounding areas and correspond to understood 
emplacement and/or modification processes.  We are 
currently pursuing these correlations in more detail to 
understand the relationship from a morphologic and 
geologic perspective. In addition, we are examining 
evidence (from MOLA profiles and the RMS values) 
for unique fractal signatures that might be diagnostic 
of both formation and/or modification processes and 
roughness distributions at scales finer than the 75 m 
MOLA footprint. 

 
References: [1] Neumann G. A. et al. (in press, 

2003) GRL. [2] Scott D. H. and K. L. Tanaka (1986) 
USGS I-1802-C. [3] Greeley R. and J. E. Guest (1987) 
USGS I-1802-B. [4] Bradley B. A. and S. E. Sakimoto 
(2002) JGR, 107, 2. 
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Introduction:  Manned space activities have been 

until present time limited to the near-Earth environ-
ment, most of them to low Earth orbit (LEO) scenarios, 
with only some of the Apollo missions targeted to the 
Moon. In current times most human exploration and 
development of space (HEDS) activities are related to 
the development of the International Space Station 
(ISS), and therefore take place in the LEO environ-
ment. A natural extension of HEDS activities will be 
going beyond LEO, and reach asteroids, Mars, Jupiter, 
Saturn, the Kuiper belt and the outskirts of the Solar 
System. Such long journeys onboard spacecraft outside 
the protective umbrella of the geomagnetic field will 
require higher levels of protection from the radiation 
environment found in the deep space for both astro-
nauts and equipment. So, it is important to have avail-
able a tool for radiation shielding which takes into ac-
count the radiation environments found all along the 
interplanetary space and at the different bodies encoun-
tered in the Solar System. Moreover, the radiation pro-
tection is one of the two NASA highest concerns and 
priorities [1]. A tool integrating different radiation en-
vironments with shielding computation techniques es-
pecially tailored for deep space mission scenario is 
instrumental in view of this exigency [2].  

In view of manned missions targeted to Mars (for a 
review see e.g. [3]), for which radiation exposure is 
one of the greatest problems and challenges to be tack-
led [4], it is of fundamental importance to have avail-
able a tool which allows to know which are the particle 
flux and spectra at any time at any point of the Martian 
surface. With this goal in mind, a new model for the 
radiation environment to be found on the planet Mars 
due to Galactic Cosmic Rays (GCR) has been devel-
oped. Solar modulated primary particles [5] rescaled 
for Mars conditions are transported within the Martian 
atmosphere, with temporal properties modeled with 
variable timescales, down to the surface, with altitude 
and backscattering patterns taken into account. The 
tool allows analysis for manned Mars landing missions, 
as well as planetary science studies, e.g. subsurface 
water and volatile inventory studies [6]. This Mars 
environmental model is available through the SIREST 
website [7], a project of NASA Langley Research Cen-
ter. 

  
Radiation Source Models:   

Galactic Cosmic Rays (GCR).  Galactic Cosmic 
Rays originate outside our Solar System in ways yet 
not totally clear [8]. They are composed of highly en-
ergetic fully ionized nuclei of all charges from hydro-
gen to uranium, with a large decrease in the intensity of 
particles with charge higher than 28 [9]. From interstel-
lar space the GCR enter the Solar System, where they 
come into contact with the particles of the solar wind, 
which transports outward the solar magnetic field [10]. 
The distribution of cosmic rays in the heliosphere and 
the time dependence due to solar activity of the varia-
tions of the solar wind velocity and diffusion coeffi-
cient are taken into account as in [11-13], relating the 
sunspot number to the cosmic ray induced neutron 
monitor count rate measured at the Deep River loca-
tion, Ontario, Canada, with an evident inverse relation-
ship between sunspot number (solar activity indicator) 
and count rates (cosmic rays flux indicator). 

 Planetary Surfaces. A planetary body, i.e. a 
planet or one if its satellites, need to be modeled to 
assess the radiation dose a crew will take during sur-
face activities. If the body is atmosphereless, it has to 
be modeled in position (astrometry), size, topography, 
and surface chemical composition, to get the atomic 
surface composition needed for transport computation, 
to evaluate the backscattering radiation component, 
especially neutrons. If the target body has an atmos-
phere, a profile of the atmosphere in terms of density, 
temperature and composition vs. altitude (and time) 
should be provided, to compute how the primary parti-
cle fluxes are modified by the interaction with the at-
mosphere. The knowledge of the body topography is 
particularly important in the case an atmosphere is pre-
sent, to know down to which surface altitude the effects 
of the atmosphere have to be taken into account. In the 
Solar System bodies (see, e.g. [14]) two kinds of sur-
face composition are prevalent, namely a silicatic 
rocky composition on the bodies of the Inner Solar 
System (i.e. Mercury, Venus, the Earth, the Moon, 
Mars and its satellites, asteroids), and a mostly icy (wa-
ter ice, methane ice, ammonia ice) composition of the 
solid bodies of the Outer Solar System (satellites of 
Jupiter, Saturn, Uranus, Neptune, Pluto with his moon 
Charon, comets, the Kuiper Belt and all Trans-
Neptunian objects). The giant planets of the Outer So-
lar System have a gaseous composition all along their 
body (Jupiter, Saturn, Uranus, Neptune), and seem not 
to have any solid surface [15] on which any surface 
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activity looks to be practicable. Interesting phenomena 
take place on the surface of bodies with locally mixed 
rock/ice composition, like in planets with seasonal or 
perennial volatile-generated polar caps (e.g. carbon 
dioxide ice and water ice caps on Mars). Neutron back-
scattering from silicatic surface is important particu-
larly at the lower energies [16], whereas the interaction 
with ices produces far less neutrons [13].   

Radiation Dose Computations:  The radial re-
scaling for GCR has been discussed in [17] and will be 
not further discussed in this paper. Positive charged 
particles, i.e. protons and heavier ions, have been 
transported by using a current version of the NASA 
Langley Research Center (LaRC) heavy ion determi-
nistic code HZETRN [18], which provides particle 
energy spectra at predefined positions in the material 
layer of interest as well as the pertinent dosimetric 
quantities, with energy deposition from both primary 
and secondary particles, including nuclear target frag-
ments, accounted for. The materials are modeled as a 
thickness file including distance of each material trav-
ersed in the order progressing from the outer boundary 
inward toward the target point. With the specified envi-
ronment, i.e. the specified charged particle flux bound-
ary conditions, the transport code is used to generate 
dose vs. depth functions for each material under con-
sideration over a range of thicknesses adequate for 
interpolation for the shielding analysis. Results for 
doses at planet distances at intermediate time between 
solar minimum and maximum epochs are obtained as 
discussed above, through the simplified diffusion 
model shown in [9]. For points at the surface, the 
transport techniques adopted are mostly the same as 
those developed for the free space case, but with two 
main modifications: the primary particles are limited to 
come only from above the surface, so the solid angle of 
acceptance of primary particles is limited to 2π, and it 
is not the full 4π solid angle like in the free space case. 
In some cases, due to local topography feature like 
valleys or craters, the solid angle might be even smaller 
than 2π [19]. Moreover, the backscattering component, 
mostly neutrons, created by the interaction between the 
incoming particles and the nuclei composing the sur-
face, is to be added to the particle flux at the surface. 
For atmosphereless bodies this component is about 1% 
of the dose given by GCR alone [20], with little de-
pendence on the composition of the surface materials. 
For target bodies with an atmosphere, a profile of the 
atmosphere in terms of density, temperature and com-
position vs. altitude (and time) should be provided, to 
compute how the primary particle fluxes are modified 
by atmospheric interactions. At the surface the modi-
fied particle fields interact with the nuclei composing 
the surface, whose chemical composition should be 

known too. For each considered point at the surface, 
transport calculations have been carried out.  

Mars Radiation Modeling: Mars is a planet 
with an atmosphere, so the modeling of the Martian 
radiation environment has to deal with both atmos-
pheric and surface properties. The Martian atmosphere 
has been modeled by using the Mars Global Reference 
Atmospheric Model – version 2001 (‘Mars-GRAM 
2001’, see [21]), based on input data generated as out-
put of the NASA Ames Mars General Circulation 
Model (MGCM) for the lower atmosphere, from the 
surface to 80 km altitude [22,23], the University of 
Arizona Mars Thermosphere General Circulation 
Model (MTGCM) for the higher atmosphere, from 80 
km to 170 km altitude [24,25], and a modified Stewart-
type thermospheric model, a latitude-longitude de-
pendent model also depending on solar activity [26], 
above 170 km altitude. This model can provide at any 
time a profile of the Martian atmosphere in terms of 
density, pressure, and temperature vs. altitude, needed 
to compute the atmosphere thickness for the incoming 
particle flux. The atmospheric chemical and isotopic 
composition has been modeled over results from the in-
situ Viking Lander measurements for both major [27] 
and minor [28] components (see Table 1). The surface 
altitude, or better the atmospheric depth for incoming 
particles, to compute the atmospheric thickness profile 
has been determined by using a model for the Martian 
topography based on the data provided by the Mars 
Orbiter Laser Altimeter (MOLA) instrument on board 
the Mars Global Surveyor (MGS) spacecraft [29].  The 
MOLA topography is measured with respect to a zero 
elevation surface level known as the MOLA aeroid 
[30], which is defined as the gravitational equipotential 
surface whose average value at the equator is equal to 
the mean planetary radius determined by MOLA data. 
Among the various data resolution available [31], in 
this work half-degree latitude-longitude resolution data 
for both MOLA aeroid surface and topography have 
been used (i.e. 30 km spatial resolution at the equator), 
but this value can be tuned in case of different user 
needs. The Mars regolith composition has been mod-
eled based on averages over the measurements ob-
tained for Mars 5 [32] with gamma-ray spectroscopy, 
and at the various landing sites Viking Landers 1 and 2 
[33,34], Phobos 2 [35,36] and Mars Pathfinder mis-
sions [37,38]. From the averaging process an average 
composition has been obtained (see Table 2). In this 
first project a value of 1.6 g/cm3 [39] for the Mars soil 
density has been adopted. The composition, different 
with respect to the regolith (e.g. CO2 ice, H2O ice), of 
seasonal and perennial polar caps [40] has been taken 
into account by modeling the deposition of the possible 
volatile inventory over the residual caps, along with its 
geographical variations all throughout the Martian 
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year, for both the Mars North [41] and South Pole [42], 
from results from imaging data of orbiter spacecraft. 
No such 3D Mars time dependent polar caps modeling 
was previously available for radiation analysis. Particle 
transport has been performed with the HZETRN heavy 
ion code with an adaptation for planetary surface, as 
said above. The new Mars Radiation Environment 
Model has been made available worldwide through the 
Space Ionizing Radiation Effects and Shielding Tools 
(SIREST) website, a project of NASA Langley Re-
search Center. This site has been developed to provide 
the scientific and engineering communities with an 
interactive site containing a variety of environmental 
models, shield evaluation codes, and radiation response 
models to allow a thorough assessment of ionizing ra-
diation risk for current and future space missions 
[7,43,44]. This model is instrumental to deal with the 
Planetary Surface Phase of manned missions targeted 
to Mars [3]. A radiation dose and a dose rate can be 
computed at any time at any location on the planet. As 
an example, a SIREST-generated Mars neutron radia-
tion environment map due to GCR for 1977 Solar 
Minimum conditions is shown in Fig. 1, with a striking 
correspondence between neutron flux and Mars topog-
raphy, putting clearly into evidence the effects of even 
this so tenuous atmosphere on particle transport. The 
present Mars Radiation Environment Model will be 
tested by comparison with the data from the Mars Od-
yssey mission MARIE and HEND instruments in the 
near future. 

Conclusions:  A new model for the radiation envi-
ronment to be found on the planet Mars due to Galactic 
Cosmic Rays (GCR) has been developed at the NASA 
Langley Research Center. Solar modulated primary 
particles rescaled for Mars conditions are transported 
through the Martian atmosphere, with temporal proper-
ties modeled with variable timescales, down to the sur-
face, with altitude and surface backscattering patterns 
taken into account. The Mars Radiation Environment 
Model has been made available worldwide through the 
Space Ionizing Radiation Effects and Shielding Tools 
(SIREST) website. This Mars Radiation Environment 
Model will be tested with the data from the Mars Od-
yssey instruments in the near future. 
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                   CO2                  %       95.32 

                    N2                 %       02.70 

                    Ar                 %       01.60 

                    O2                 %       00.13 

                   CO                 %       00.08 

                    
         Table 1.  Adopted chemical composition for the  
                        Martian atmosphere. 

                   SiO2     %       44.2 

                   Fe2O3    %       16.8 

                   Al2O3                %       08.8 

                   CaO                  %       06.6 

                   MgO                 %       06.2 

                    SO3                  %       05.5 

                   Na2O    %       02.5 

                    TiO2    %       01.0 
      

          Table 2.  Adopted chemical composition for the  
                         Martian surface. 

                                    
                                  Figure 1  Map of neutron integral flux on the Mars surface for GCR at 1977 Solar Minimum.  
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MRO HIGH RESOLUTION IMAGING SCIENCE EXPERIMENT (HIRISE): 
INSTRUMENT DEVELOPMENT. Alan Delamere, Ira Becker, Jim Bergstrom, Jon Burkepile, Joe 
Day, David Dorn, Dennis Gallagher, Charlie Hamp, Jeffrey Lasco, Bill Meiers, Andrew Sievers, Scott 
Streetman Steven Tarr, Mark Tommeraasen, Paul Volmer.  Ball Aerospace and Technology Corp., PO 
Box 1062,Boulder, CO80306 

Introduction: The primary functional re-
quirement of the HiRISE imager, figure 1 is to 
allow identification of both predicted and un-
known features on the surface of Mars to a 
much finer resolution and contrast than previ-
ously possible [1], [2].  This results in a cam-
era with a very wide swath width, 6km at 
300km altitude, and a high signal to noise 
ratio, >100:1. Generation of terrain maps, 30 
cm vertical resolution, from stereo images 
requires very accurate geometric calibration. 
The project limitations of mass, cost and 
schedule make the development challenging. 
In addition, the spacecraft stability [3] must 
not be a major limitation to image quality. 
The nominal orbit for the science phase of the 
mission is a 3pm orbit of 255 by 320 km with 
periapsis locked to the south pole. The track 
velocity is approximately 3,400 m/s. 

HiRISE Features: The HiRISE instrument performance 
goals are listed in Table 1.  The design features a 50 cm 
aperture and a detector with 128 lines of Time Delay and 

Integration (TDI) to create very high (100:1) signal noise 
ratio images.  
The imager design is an all-reflective three mirror astig-
matic telescope with light-weighted Zerodur optics and a 
graphite-composite structure.  The Cassegrain objective 
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Figure 1 Camera optical path optimized for low mass 

Table 1 HiRISE Requirements and Performance Characteristics 

Parameter Performance Comments 
Ground Sample Distance (GSD) 30 cm/pixel From 300 km altitude 

Telescope Aperture 0.5 m, f/24 For resolution and SNR 
Spectral range 400 to 600 nm 

550 to 850 nm 
800 to 1000 nm 

Blue-Green (BG) 
Red 

Near infra-red (NIR) 
Blue-Green Typically 100:1 

Red Typically 200:1 
SNR 

NIR Typically 100:1 

Achieved with TDI, backside thinned CCDs, and 
50 cm aperture 

Red > 6 km From 300 km altitude Swath 
Width Blue-Green & NIR > 1.2 km From 300 km altitude 

Swath length > 2× swath width Along track 
Data Precision 14 bit A/D 12 to 13 bit usable 

Real-time 14 to 8 bit Look-up table 
Up to 16 × 16 binning Increases areal coverage 

Data Compression 

Lossless compression at SSR ~ 2:1 
Data storage 28 Gbits All channels 

Number of pixels across swath 20,264 Red 
4,048 Green and NIR 

From swath width and pixel scale 

TDI line time ≥76 µsec To match ground track speed 
CCD read noise < 50 electrons rms at 22°C Achieve SNR at low signal levels 

FOV 1.14° × 0.18°  
IFOV 1 × 1 µrad Detector angular subtense 
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with relay optic and two fold mirrors is optimized for dif-
fraction-limited performance over the long, narrow field-
of-view (FOV) required for “push-broom” scanning and 
imaging.  Filters in front of the detectors provide images 
in the three wavelength bands: red (or panchromatic), 
blue-green (BG), and near infrared (NIR).  

The detector-chip-assemblies (DCA) housing the charge 
coupled devices (CCDs) are staggered to provide full 
swath coverage without gaps.  Both the BG and NIR 
bands have two DCAs each to give a total swath width of 
4048 pixels, and the red channel has ten DCAs to provide 
a swath width of 20,264 pixels. 

The 50 cm diameter primary mirror has a dual arch con-
struction for low mass and high rigidity. The optical sys-

tem provides a diffraction lim-
ited modulation transfer func-
tion (MTF) on 12 µm pixels for 
all 14 HiRISE detectors.  The 
color filters are located 30 mm 
from the detectors for all three 
channels.  This distance avoids 
problems due to stray light and 
multiple reflections from the 
filters in the f/24 quasi-
collimated beam.  A Lyot stop, 
located between the tertiary mir-
ror and the second fold mirror, 
ensures excellent reduction of 
stray light. 

Distortions in the large field of 
the red channel are very small.  
As HiRISE points at the Mars’ 
surface, a point in the image 
will remain in a single CCD 

TDI column with no cross column smear for all CCDs.  

The telescope structure is made of graphite-fiber-
reinforced composite.  This produces a stiff, lightweight 
structure with low moisture absorption properties and low 
coefficient of moisture expansion.  The negative coeffi-
cient of thermal expansion (CTE) of the composite ele-
ments, in conjunction with metallic, positive CTE fittings, 
is tailored to produce near-zero instrument CTE.  Fig-
ure 2 shows the flight structure. 

HiRISE Focal Plane Subsystem (FPS): The FPS con-
sists of the DCAs, a focal plane substrate of aluminum–
graphite composite material, a spectral filter assembly, 
and CCD processing/memory modules (CPMMs).  Each 

 

 

Figure 2 HiRISE Focal Plane Assembly 

 
Figure 3 HiRISE Telescope Flight Structure (Approximately 70 cm in Diameter by 1.4 m in Length) 
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CCD has 2048 12 × 12 um pixels in the cross-scan direc-
tion and 128 TDI elements (stages) in the along-track 
direction.  The 14 staggered CCDs overlap by 48 pixels at 
each end as shown in Figure 3.  This provides an effective 
swath width of ~20,000 pixels for the red images and 

~4,048 pixels for the blue-green and NIR images.  

Using the TDI method increases the exposure time, allow-
ing us to obtain both very high resolution and a high sig-
nal-to-noise ratio.  As the spacecraft moves above the 
surface of Mars, TDI integrates the signal as it passes 
across the CCD detector by shifting the accumulated sig-
nal into the next row (line) of the CCD at the same rate as 
the image moves (see Figure 4).  The line rate of 
13,000 lines/sec corresponds to a line time of 76 microsec 
for 250 km altitude.  The pixel integration time is set to 
match the ground velocity so that charge from one image 
region is sequentially clocked into the next corresponding 
element in the along-track direction.  The imager can use 
8, 32, 64 or 128 TDI stages (detector elements in the 
along-track direction) to match scene radiance to the 
CCD full well capacity.  Spacecraft orientation in yaw 
will compensate for image smearing during the integra-
tion period.  A practical limit is reached when residual 
image smear and spacecraft pointing jitter seriously de-
grade the required resolution.  The 128 lines is the largest 
number of lines that meets all requirements.  Images with 
higher SNR and lower resolution images will be obtained 
by binning the signal from adjacent lines and pixels 
within the CCD, up to a maximum of 16 × 16 pixels. 

HiRISE Camera Electronics Overview: The CCD Proc-
essing and Memory Module (CPMM) electronics ap-
proach is to minimize the number of active and passive 
components that contribute to noise. The obligatory ana-
log signal processing chain between the CCD output am-
plifier and the 80MSPS 14 bit A/D has been designed so 
that it adds less noise than the CCD, while being radia-
tion tolerant and reasonably low power. The Digital Cor-
related Double Sample (CDS) scheme is capable of very 

high pixels rates, in excess of 16 megapixels per second, 
while sampling a minimum of twice per pixel.  
Each of the 14 CPMM’s uses a rad-hard Xilinx Virtex 
300E Field Programmable Gate Array (FPGA) to perform 
the control, signal processing, Look Up Table compres-
sion, data storage & maintenance, and external I/O. The 
FPGA is SRAM based and uses a Flash Serial Program-
mable Read Only Memory (SPROM) for configuration 
upon power-up. The SPROM and FPGA are reconfigur-
able using JTAG, so design changes during development 
are extremely simple. The JTAG port is available on an 
external connector to facilitate last minute design 
changes, if required. 
Data System & Operations: Target coordinates for an expo-
sure will be uplinked to the spacecraft, which will then translate 
the target coordinates into the  time at which the spacecraft will 
fly over the area of Mars to be imaged. At the appropriate mo-
ment, a block of commands will be executed that will setup-for 
and then initiate the exposure. Exposure setup parameters in-
clude line time, number of lines, binning factor, number of TDI 
levels, and the lookup table to be used by the CPMM electron-
ics to convert 14-bit pixel data into 8-bit pixel data. About 5 
seconds in advance of the start-time of the exposure, the analog 
power is turned on 

At the prescribed moment, all DCAs begin clocking si-
multaneously. When the exposure on the last DCA is 
completed, the analog power is turned off, and the stored 
pixel data is then readout sequentially from each CPMM 
to the spacecraft solid-state recorder, in preparation for 
downlink to the ground. Science data headers accompany 
the science data so that the science data can be properly 
interpreted. Optionally, the pixel data can be compressed 
by a lossless hardware compressor attached to the solid-
state recorder.  

The nominal high resolution image is 20,000 pixels by 
40,000 lines and can take from 4 to 48 hours of transmis-
sion time depending on range to earth and compression 
factors. 
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Figure 4 TDI Operation Using a 4-TDI Configuration to 

Illustrate Charge Accumulation 
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HiRISE Performance: The predicted maximum signal is 
76,000 electrons for the red channel at 300 km with no 
binning.  Figures 5 show the expected un-binned SNR 
capability as a function of spacecraft latitude and regional 
albedo for the blue-green, red (pan) and NIR bands.   
The modulation transfer function is shown in figure 6. 
Note that the resolution is limited by the aperture re-
sponse of the pixel, the diffusion in the CCD and the dif-
fraction of the telescope modified by the 18 cm obscura-
tion of the secondary mirror baffle. 
Conclusion: In August 2005 the Mars Reconnaissance Orbiter 
spacecraft will embark on its ambitious journey to explore 
Mars. The spacecraft will carry an impressive array of instru-
ments including HiRISE, a high-resolution imager that will 
obtain stunning new images of Mars with a resolution capable 
of detecting one-meter objects. By April 2003, camera develop-
ment has reached the hardware stage with the flight optics, 

flight structure and the custom CCD design being completed. 
Breadboards of all the flight electronics are in test. Assembly 
and test of the camera will be completed by June 2004. 
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Introduction:  Low-frequency electromagnetic 

(EM) soundings of the subsurface can identify liquid 
water at depths ranging from hundreds of meters to 
~10 km in an environment such as Mars [1]. Among 
the tools necessary to perform these soundings are 
low-frequency electric and magnetic field sensors ca-
pable of being deployed from a lander or rover such 
that horizontal and vertical components of the fields 
can be measured free of structural or electrical inter-
ference. Under a NASA Planetary Instrument Defini-
tion and Development Program (PIDDP), we are cur-
rently engaged in the prototype stages  of low-
frequency sensor implementations that will enable this 
technique to be performed autonomously within the 
constraints of a lander platform. Once developed, this 
technique will represent both a complementary and 
alternative method to orbital radar sounding investiga-
tions, as the latter may not be able to identify subsur-
face water without significant ambiguities [2,3]. Low 
frequency EM methods can play a crucial role as a 
ground truth measurement, performing deep sound-
ings at sites identified as high priority areas by orbital 
radars. Alternatively, the penetration depth and con-
ductivity discrimination of low-frequency methods 
may enable detection of subsurface water in areas that 
render radar methods ineffective. In either case, the 
sensitivity and depth of penetration inherent in low-
frequency EM exploration makes this tool a compel-
ling candidate method to identify subsurface liquid 
water from a landed platform on Mars or other targets 
of interest. 

Searching for Water: The ability to detect and 
characterize extraterrestrial water and ice has impor-
tant implications for the understanding of planetary 
geological and climate histories, past or extant life, 
and for the planning of future robotic and human ex-
ploration of the solar system. The characterization of 
past or present water on Mars remains a core goal of 
the Mars Exploration Program (MEP), representing a 
cross-cutting theme that ties together investigations 
relevant to life, climate, geology, and the identifica-
tion of sites relevant for future exploratory landed 
missions. There is a significant amount of geologic 
evidence that water on Mars was abundant at some 
point in the past, forming valley networks, outflow 
channels and possibly ocean basins [4,5,6]. Assuming 
that the Martian water inventory was not lost to space, 

it may be contained within the frozen upper portions 
of the crust in the cryosphere. Liquid water may exist 
due to heterogeneous thermal properties or if the 
amount of water exceeds the storage capacity of the 
cryosphere. Depths to the base of the cryosphere vary 
between 2-6 km [7] depending on latitude; the discov-
ery of the gullies [4] indicates that the cryosphere may 
only be hundreds of meters thick in some regions, 
enabling the emergence of liquid water within rela-
tively recent timescales depending on the geothermal 
gradients present [8]. Alternatively, the gullies may be 
due to basal snowmelt without the need for groundwa-
ter [9]. 

Low-Frequency EM Soundings: EM waves used 
in low-frequency soundings are in the diffusive re-
gime, in which the dominant parameter controlling 
the emissions is the finite conductivity of the subsur-
face. A passive sounding method includes the mag-
netotelluric technique, in which the electric and mag-
netic amplitudes of long-period waves from natural 
planetary EM sources are monitored near the surface 
in order to determine the subsurface electrical imped-
ance as a function of wave skin depth. Active methods 
include both spectral and time domain measurements 
of the fields in response to artificially generated 
waves. In the time domain, the decay of secondary 
magnetic fields generated from subsurface currents in 
response to an artificially produced EM pulse are re-
corded to estimate subsurface conductivity. For all 
low-frequency sounding methods, it is the electrical 
conductivity as a function of depth into the subsurface 
that is determined. Since the conductivity of even 
mildly saline liquid water is several or more orders of 
magnitude greater than the surrounding medium, its 
presence significantly modifies the detected subsurface 
impedance. Using this methodology, both the depth 
and thickness of multiple aquifers can be determined 
depending on the availability of naturally or artifi-
cially produced low frequency EM waves and the con-
ductivity contrast between the liquid water and the 
surrounding media. The response of ice to low-
frequency EM waves is essentially the same as radar 
and thus becomes difficult to detect, unless massively 
segregated [1]. 

Sources of Low Frequency EM on Mars: On 
Earth, the deepest soundings are obtained by monitor-
ing a myriad of naturally generated electromagnetic 
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wave sources. These include ULF emissions produced 
by Solar Wind-Magnetosphere interactions (0.001-1 
Hz), and lightning-related sources (Schumann reso-
nances and ELF emissions, 1 Hz-2 kHz). With the 
presence of magnetic anomalies, an ionosphere, and 
windblown dust there is every reason to believe that 
Mars will also possess a rich and dynamic electro-
magnetic environment. ULF perturbations have been 
witnessed near Mars on both MGS and the Phobos 
missions [10,11]. The triboelectric charging of dust 
within the ubiquitous dust devils and larger scale dust 
storms may produce discharges that can form an ELF 
continuum of EM emissions when guided by the iono-
sphere-surface cavity [12]. Similarly, Schumann reso-
nances may exist on Mars at frequencies close to their 
Terrestrial counterparts [13]. Additional potential 
sources of low frequency emissions include Solar-
Quiet (Sq) variations, resulting from couplings be-
tween the lower ionosphere and atmospheric thermal 
tides. The relatively fast response of the Martian at-
mosphere to radiative heating [14] may produce 
strong Sq signatures on Mars. All of these signals rep-
resent potential sources for deep EM soundings of the 
subsurface on Mars. 

Instrument Development Effort: The penetration 
depth and detection threshold for subsurface water 
using EM methods hinges on the availability of elec-
tric and magnetic sensors with sufficient sensitivity at 
low frequencies to detect naturally occurring EM 
waves. Of the two measurements, the electric field 
detection is by far the more challenging endeavor in 
this regime. The term “low-frequency” in the context 
of EM soundings denotes the division between propa-
gative (wave like) and diffusive behavior of the EM 
fields; below this division, the electric field diffuses 
into the subsurface media with a skin depth and initial 
amplitude dependent on the subsurface conductivity. 
On Mars, waves become diffusive around ~1 kHz [1], 
while a desire to probe deep within the cryosphere 
requires a low frequency limit in the milli-Hertz 
(0.001 Hz) or lower frequency regimes. Terrestrial 
applications have utilized fully grounded (buried) 
electrical dipoles with separation distances of 100s of 
meters or more to detect long-period, low-amplitude 
signals. These dipoles make direct resistive contact 
with the subsurface using an electrolyte medium for 
long-term signal stabilization, and necessitate a proc-
ess of manual installation and subsequent settling 
time. 

While such techniques have detected water and 
other natural resources to depths of hundreds of me-
ters or more in Terrestrial settings [15], a simpler, 
non-contacting and autonomously deployable system 

must be developed in order to use this method in 
planetary exploration. Our efforts have thus far fo-
cused on the development of low-frequency, low-noise 
electric field sensors capable of measurements near or 
on the surface without the need for direct, galvanic 
contact with the subsurface itself. One of the more 
crucial measurements for effective soundings is the 
component of the electric field parallel with the sur-
face, since this amplitude directly indicates the subsur-
face resistivity structure when combined with simulta-
neous magnetic field measurements. Measurement of 
this component of the ambient electric field is also the 
most challenging, since amplitudes can be less than 1 
uV/m depending on subsurface properties. 

Strategies to measure these low-frequency electric 
fields include the use of short dipole probes that make 
direct resistive contact with the atmosphere of Mars. 
This is enabled through the use of ultra-high input 
impedance op-amps (Rin ~1014 ohms or greater) and 
spherical or cylindrical electrodes that draw a current 
from the atmosphere directly. With a Martian pressure 
of ~6-8 mBar, the atmospheric conductivity is roughly 
10-11 S/m [16]; under these conditions, a probe with a 
surface area of ~200 cm2 will have a coupling imped-
ance of ~ 2 x 1011 ohms. The feasibility of this method 
has already been proven in the terrestrial stratosphere, 
where the atmospheric conductivity is nearly identical 

with the value on the surface of Mars [17]. In this 
regime, stratospheric balloons have measured low-
amplitude DC electric fields from ionospheric ULF 
waves for decades [18], a particularly useful wave for 
deep magnetotelluric soundings. Similar direct resis-
tive contact of electric field probes in the Martian at-
mosphere may enable the measurement of ULF or 

 

Figure 1 Antenna and probe deployment 
schemes to measure parallel and horizontal elec-
tric fields on the surface of Mars. When com-
bined with magnetic field measurements, the 
ratio of E/H can be used to derive the subsurface 
conductivity structure. 
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similar waves on Mars for purposes of deep (~km) 
soundings. Complicating factors on the surface of 
Mars include the presence of airborne dust which can 
deposit static charge on the surface of the probes, cre-
ating a succession of high-frequency transients that as 
an ensemble can cause a continuum of increased low-
frequency noise. A second possible issue relates to the 
fact that while stratospheric balloon payloads rotate, 
lander platforms are stationary, reducing the capabil-
ity to reject spurious signals resulting from payload 
charging and effectively increasing the 1/f noise of the 
system. 

Alternative methods include purely capacitively 
coupled, flexible antennas ballistically deployed from 
a lander platform to lengths of 20m or more. In the 
capacitively coupled regime, no atmospheric currents 
are measured; instead, the conductors in the wires 
couple capacitively to the surface to which they are 
parallel, measuring the parallel component of the elec-
tric fields which should be continuous across the sur-
face-subsurface boundary. Advantages in this ap-
proach include larger intrinsic signal gain due to the 
longer baseline for the potential measurement, and 
lower noise due to the large antenna capacitance rela-
tive to sensor input capacitance. The low-frequency 
response of this system is governed by op-amp stabil-
ity and the effective RC time constant formed between 
the antenna capacitance and the internal sensor input 
impedance, typically in the 0.1-1 Hz range. A hybrid 
system composed of flexible antennas with galvani-
cally coupled probes on the ends is also possible, ena-
bling sensitive AC measurements via the long anten-
nas and DC measurements from the end probes. Fun-
damental engineering concepts for the deployment of 

long flexible antennas from a Mars lander are already 
well-established as part of the proposed NetLander 
payload [19]. 

Once successful measurements of the electric field 
parallel (Ex) to the subsurface are obtained, they can 
be combined with simultaneously measured magnetic 
fields in the orthogonal direction (Hy) to derive the 
subsurface impedance using the Magnetotelluric tech-
nique: 
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where Z is the subsurface impedance, ρ the resistivity 
(in ohm-m) and f the wave frequency. When measured 
as a function of frequency, the result is an apparent 
conductivity vs. depth profile. Inversion methods to 
determine depth to conductive features depend on a 
description of the subsurface as a series of resistive 
half-spaces, forming a layered model whose response 
to vertical plane waves is calculated through a recur-
sive procedure [1]. Similar information about the sub-
surface conductivity can be obtained via the wave-tilt 

method using the ratio of Ez/Ex. Onboard spectral 
processing using FFTs or cascade decimation can pro-
duce spectra of each field component and form the 
ratio of E/H directly. This data along with snapshots 
of time series measurements can then be transmitted 
back to Earth for analysis and interpretation of both 
signal source quality and subsurface electrical proper-
ties. 

Field Test Experiments: Terrestrial field tests of 
non-grounded probes and antennas for sensing low-
frequency electrical fields near the surface are ongoing 

Figure 3 Field tests conducted in the Mojave de-
sert  (March 2003) studied the capabilities of vari-
ous antennas geometries to sense low-frequency 
parallel electric fields. 

Figure 2 Miniature 3-axis electric field receiver 
under development at Quasar, Inc. in support of 
PIDDP field test activities. 
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under NAG5-11781 (PIDDP). In this approach several 
classes of recently available high-input impedance, 
low noise electrometers and op-amps are being mated 
to various antenna coupling strategies in order to de-
rive a system with maximum sensitivity and minimum 
noise. Measurements of the vertical component of 
Schumann resonances have been obtained with small, 
lightweight sensors such as the example shown in 
Figure 2. Measurements of the electric fields parallel 
to the surface are far more challenging and may re-
quire longer baseline measurements and larger an-
tenna form factors. Figure 3 shows a test of this con-
cept in the Lavic Lake region of the Mojave desert. 
Initial results of these tests indicates that naturally 
occurring low frequency electric fields with ampli-
tudes ~0.01-.1 uV/m parallel to the surface may be 
detectable using deployable antennas as shown. Goals 
for the next year of the program include a full mag-
netotelluric sounding using our low-frequency electric 
field sensor prototypes in combination with widely 
available magnetic sensors. Once developed, such a 
system could be easily deployed from a fixed lander 
platform to perform EM soundings using either active 
or passive EM sources depending on the mass and 
power available for the instrument. 
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Introduction:  In the region of Sirenum Terrae, at 

the Southeast of the martian Tharsis region, and at the 
South of Ma’adim Vallis there is a region in the one 
which are found several chaotic terrains as Gorgonum 
or Atlantis. In the basin where is found Gorgonum 
Chaos, the first images of the MOC sensor, aboard of 
the Mars Global Surveyor mission, showed the numer-
ous gullies presence in the slopes of impact craters, 
fractures or  chaotic terrains. These gullies were inter-
preted as the result of the groundwater presence in this 
basin [1]. Afterwards it was described, employing the 
high resolution Viking images, one other depressed 
region, at the East of the previously mentioned basin, 
in the one which is found the Atlantis Chaos, as a pos-
sible paleolake basin [2]. Thereinafter, and employing 
Viking images and MOLA/MGS topographic data it 
was described in the region of Sirenum Terrae, mainly 
between the Eridania y Phaethontis martian quadrants, 
a series of mutually communicated basins that they 
could operate as a great lake [3]. Both basins, Gor-
gonum and Atlantis, are included within this great 
lake. In that work also were described as these lakes 
constituted the source area of the water that configured 
the Ma’adim Vallis channel, whose estuary is one of 
the possible landing points of the future robotic mis-
sions to Mars. 

Continuing with these previous studies, here is pre-
sented a local analysis of the topographic characteris-
tics of one of these paleolake basins: Atlantis, the one 
which de Pablo & Druet (2002) informally designated 
like Atlantis Basin because these basin contains in its 
interior to Atlantis Chaos, and whose criterion it will 
be continued employing here. 
 

Materials and Metodology: For the development 
of this work have been employed the topographic 
maps developed by the Washington University with 
the great resolution topographic profiles accomplished 
by the Mars Orbiter Laser Altimeter (MOLA) sensor 
of the Mars Global Surveyor (MGS) mission. From all 
the available maps it has been employed the maps with 
a resolucion of 64 pixel by degree. With these materi-
als, and employing computer programs specially de-
veloped for the altimetric data treatment, it has been 
accomplished some hypsometric maps, shaded relief 
maps and topographic profiles of the studied area. 

 

Location: The Atlantis basin is found in the 
Phaethontis martian quadrant, centered in the coordi-
nates 35ºS,177ºW, (35ºS,183ºE) in the Southern hemi-
sphere of Mars, between the fracture systems of Sire-
num Fossae   and Memnonian Fossae, and to the South 
of Ma’adim Vallis and Gusev Crater. 

 
Topographic analysis: The hypsometric map of 

the zone (Fig. 1) show in its center to the Atlantis ba-
sin, that it can be described as a closed basin with a 
quasicircular shape, only with some close gaps in its 
South and Southwest rims, where it is communicated 
with other  next basins. The general slope of its inte-
rior sides is low, though locally it has edges with pend-
ing more pronounced, especially in the Northeast edge. 
In the interior of the basin, the chaotic area of Atlantis 
has a reflex in the topography, topographically re-
stricted under the -100 meters altitude level. The ap-
proximate maximum level of this basin is near of 300 
meters of altitude since the martian datum. This im-
plies that the maximum depth of this isolated basin, it 
is arround 800 meters. 

One of the topographic profiles accomplished in 
the zone, with NW-SE direction (Fig. 2), shown like 
the internal slope of the basin is softer in its South side 
than in the North, where it is closed by a most impor-
tant relief. The profile of the basin is relatively soft, 
unless in the most deep area, where is found the cha-
otic area of Atlantis Chaos. 

The shaded relief map (Fig. 3) permits to observe 
in a more specifies way the quasicircular shape of the 
basin, that seems to cut the North - South linear struc-
tures, and that they have been interpreted as compres-
sion landforms (ridges) [2]. Though in the previous 
cartography of the zone [2] have been described this 
type of structures at the South of the basin too, these 
last do not have a great reflex in the topography, at 
least at the scale of this map. 

Other feature observed in this map is the existence 
of a regional fracture of the Sirenum Fossae system, 
interrupted in the point occupied by a relief that consti-
tutes the Southwest limit of the Atlantis basin. That 
relief there was described in different ways as an an-
cient massive volcanic construct [4] or as a part of the 
old martian highly deformed terrain [5]. Its direction 
does not continue the direction of the Sirenum Fossae 
fracture system, and it is oblique to this. At the North-
east edge of the basin there is a linear structure de-
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scribed as a volcanic building of fissural character [4, 
2]. In this map is observed like this linear structure 
seems to have continuity outside of the limits of the 
basin. 

The internal rim of the basin, especially in their 
Northeast, South and North sides, presents relatively 
deep rilled morphologys, the same as in external mar-
gin of the Southwest, where are observed that kind of 
landforms. 

A punctual observations is the presence of a small 
relief in the center that it seems to be the central peak 
of an ancient impact crater in the interior of the Atlan-
tis basin and that is found surrounded by chaotic area. 
 

Interpretations: With the accomplished observa-
tions of the hypsometric and shaded relief maps, and 
the topographic profiles, it is possible accomplished 
some interpretations about the origin and evolution of 
the Atlantis basin. 

The quasicircular shape of the Atlantis basin, the 
same shape of the  immediately souther basin, would 
be due to the origin of the basin like a consequence of 
an impact, what would clear the doubts about the ori-
gin raised in the bibliography [2].  On the other hand, 
the sudden interruption of the ridge structures of the 
North margin of the basin seems to support the inter-
pretation of the impact like the origin of the here stud-
ied basin. The gaps existence in the South and South-
west rims of the basin would be the result of the water 
flow during the long time period during the one which 
was operating the great lake proposed for this region 
[3].  

The relief of the South rim of the basin, this is lo-
cated superposed to a regional fracture that crosses the 
zone, with an E-W approximately direction. This is 
compatible with the existing interpretation of this relief 
as a massive volcanic [4]. However, this massive vol-
canic does not continue the direction of the regional 
fracture, and it is oblique to this. This would be a con-
secuence of that the volcano is located in the intersec-
tion zone of the regional fracture with some of the 
concentric fractures to the possible impact crater that 
formed the Altantis basin, such it has been interpreted 
previously. 

The existence of volcanism in the zone is sup-
ported by the presence of a volcanic construct, fissural 
in character [4], in the Northeast rim of the basin, and 
whose prolongacion of the fracture seems be followed 
even in the East foreign area of the basin, as was ob-
served in the accomplished shaded relief map (Fig. 3). 

The rilles existence into the internal margin of the 
basin indicates that when the great lake, that the Atlan-
tis basin was a small part, of the region was decreasing 
its level under 1100 meters of altitude [3], in the Atlan-

tis basin was formed a lake of more reduced dimen-
sions, in the one which the ruon-off surfaces in its hill-
sides was eroding the previous lacustrine sediments, 
what supports the previous interpretations of the evo-
lution of the basin [2]. The rilled and eroded zones in 
the South and Southwest rims of the basin would be 
explained by the incoming water in the basin, from the 
South, and the outflowing water from the basin by the 
Southwest rim, eroding the previous lacustrine sedi-
ments. This seems to be opposed to the previous inter-
pretations on the empty of the lake across the North 
edge [2]. Furthermore, the topographic profiles and the 
hypsometric map permits to determine that though the 
initial lake had a maximum level of 1100 meters over 
the martian datum, would be very dificult that this is 
overflowed in the North zone of the Atlantis Basin, 
since were existing 300 meters of relief yet. 

Finally, the soft internal slope of the Atlantis basin, 
observed in the topographic profiles, permits to sup-
pose that if it has been originated like an impact crater, 
the subsequent sedimentary landfills were very impor-
tant, especially in the South margin of the basin, what 
is corresponded with the zone of water and sediments 
contribution, such it has been interpreted previously. 
This great quantity of sediments in the interior of the 
basin would support the previous interpretations [2] on 
the training of the chaotic terrain, Atlantis Chaos, by 
the reactivation of the volcanism producing the fusion 
of the ice originating from the water of this ancient 
lake. 

  
Conclusions: The observations and interpretations 

of the MOLA topographic data of the region of Atlan-
tis basin, Mars, permit conclude that: a) the origin of 
the basin seems be found in an ancient impact crater; 
b) the volcanism of the region is located in fractures of 
local and regional type, as well as in their intersection 
zones; and c) the basin was a part of a great lake that 
when it was emptied partially generate a lake of re-
duced dimensions that were fed from the South and 
were emptied by the Southwest. 

This basin would be a future missions objective for 
the martian exploration due to the existence of a lacus-
trine system, firstly of large dimensions, and therein-
after more confined, in the one which it could be found 
a thermal source located in the volcanic constructs in 
different fractures, something which can be astrobiol-
ogycally interesting.  
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Fig. 1: hypsometric map of the Atlantis basin area (center), Sirenum Terrae, Mars, a paleolake basin
(elaborated with MOLA/MGS topographic data). 
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Atlantis basin

Fig. 2: topographic profile of the Atlantis basin were is reveled the assimetry between their South and
North rims, originated by a differential sedimentation ratio. 

Fig. 3: shaded relief map of the Atlantis paleolake basin area where it is possible to determine the quasi-
circular morphology of the basin, and the relationship of this with the compressive structures, the frac-
tures and the volcanic constructs described in the basin, and that permit to establish an origin and an
evolution for the basin.  
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Introduction: The exploration of the planet Mars is one 

of the major goals within the Solar system exploration 
programs of the US-American space agency NASA and the 
European Space Agency ESA. In particular the search for 
water and life and understanding of the history of the surface 
and atmosphere will be the major tasks of the upcoming 
space missions to Mars. The miniaturized Mössbauer 
spectrometer MIMOS II [1] has been selected for the NASA 
Mars-Exploration-Rover twin-mission to Mars in 2003 and 
the ESA 2003 Mars-Express Beagle 2 mission (Figure 1). 
Reduced in size and weight, in comparison to ordinary 
laboratory setup, the sensor head just weights approximately 
400 g, with a volume of (50x50x90) mm3, and holds two 
gamma-ray sources: the stronger for experiments and the 
weaker for calibrations. The collimator (in sample direction) 
also shields the primary radiation off the detectors. Around 
the drive four detectors are mounted. The detectors are made 
of Si-PIN-photodiodes in chip form (100 mm2, thickness of 
0.5 mm). The control unit is located in a separate electronics 
board. This board is responsible for the power supply, 
generation of the drive’s velocity reference signal, read of 
the detector pulses to record the spectrum, data storage and 
communication with the host computer.  

 

 
Figure 1.  Drawing of the MIMOS II and a spectrum from 
the Compositional Calibration Target (CCT, magnetite) for 
the Mössbauer spectrometer on board of the Mars 
Exploration Rovers (MER) and a spectrum obtained in 
transmission geometry from an internal calibration sample 
placed inside the instrument.  

After more than four decades from the discovery of the 
Mössbauer effect, more than 400 minerals were studied at 
different temperatures. Their Mössbauer parameters were 
reported in the literature, and have been recently collected in 
a data bank [2, 3]. Previous Mars-missions, namely Viking 
and Mars Pathfinder, revealed Si, Al, Fe, Mg, Ca, K, Ti, S 
and Cl to be the major constituents in soil and rock elemental 
composition of the red planet. More than 200 minerals 
already studied by Mössbauer spectroscopy contain 
significant amounts of these elements. A considerable 
number of Mössbauer studies were also carried out on 
meteorites and on Moon samples. Looking backward in the 
studies of the whole Mössbauer community, we have built a 
specific library containing Mössbauer parameters of those 
possible Mars minerals. The selected minerals, their 
Mössbauer parameter values (min. max. s.d and number of 
available data), main site substitution, behaviour as a 
function of temperature and a ranking as expected to be 
found on Mars were organized. Mars-analogue Fe-bearing 
minerals not studied by Mössbauer spectroscopy are being 
collected and investigated. In addition, it an identification 
system based on Artificial Neural Networks (ANN) was 
implemented which enables fast and precise mineral 
identification from the experimental Mössbauer parameters 
at a given temperature [4].  

Processing the Information: Minor differences on 
Mössbauer parameters can seen be a result of all the 
properties described above and, also, imprecision, 
misinterpretation of the Mössbauer spectra [3] or even 
mistyping on papers. Despite of these small disadvantages, 
all information is still useful. An implemented software 
based on artificial neural networks is robust to minor 
differences and can, without any additional information, 
identify Mössbauer phases from its parameters. From a 
proper learning process, the ANN extract all relevant 
information from a given set of data (published Mössbauer 
parameters) forgetting most of the deviations coming from 
misinterpretations, imprecision and mistyping on reports. 

Data Base. A Mössbauer data base was compiled from 
published Mössbauer parameters on minerals at different 
temperatures. All minerals containing the elements found on 
previous Mars missions were selected. Since temperature on 
Mars varies from -100°C to 10°C, only room and liquid 
nitrogen temperatures were selected. Literature on the 
selected Mars-analogue minerals were investigated 
considering the following aspects:  
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Chemical Formula and Mineral Identification. The 
chemical formula is given for each selected mineral. Those 
minerals were classified according to the standard 
mineralogical pattern, as: (a) oxides and (oxy)hydroxides; 
(b) Fe-S-bearing minerals; (c) phosphates; (d) carbonates; (e) 
Mn-rich minerals; (f) silicates (nesosilicates, sorosilicates, 
cyclosilicates, inosilicates, phyllosilicates, tektosilicates); 
and (g) minerals not studied by Mössbauer spectroscopy.  

Statistical analysis on the recorded Mössbauer data. The 
average value, the standard deviation, the minimum and 
maximum values of a given site were calculated. 

Behavior as function of temperature and grain size. The 
studied mineral may suffer magnetic transitions as a function 
of temperature and grain sizes. Also, the Mössbauer 
parameters of isomer shift, quadrupole splitting and internal 
magnetic field may change as function of temperature or, 
including the line width, its crystallinity. 

Changes as a function of site substitution (e.g. α-Fe2-

xAlxO3) and vacancies. There are rich literature describing 
the effects of isomorphic substitution of cations in iron sites. 
This substitutions lead to changes in the Mössbauer 
parameters well defined at the literature. 

Genisis. The Mössbauer spectrum of a given mineral 
may change according to the formation process. This 
situation, when pertinent, is reported and described on the 
basis of previous studies [e.g. 5, 6]. 

Other Fe-bearing phases usually reported join the 
considered mineral. Smectites (e.g. montmorillonite and 
notronite) are usually found together with hematite and/or 
goethite). The weathering process of palagonites leads to Fe-
rich smectite phases and oxyhydroxide and ferric oxide. This 
may be a supporting information during the analysis process 
of a Mössbauer spectrum. 

Final Remarks. Some minerals were reported at the 
literature with a single site up to, for example, four. This 
difference may be a result of differences among the analyzed 
samples, analysis method, spectrum statistics, etc. When 
such situation is detected, a specific note is registered at this 
mineral records. Finally, color, common impurities, other 
iron-free mineral phase reported, as so on. This information 
may be useful, specially considering the cameras and other 
scientific instruments carried out by the Mars landers. 

Tentative Ranking. Previous lander and orbiter missions 
to Mars obtained relevant information on the mineralogy of 
the neighbor planet. Each mineral is being assign to a rank 
according to the available information on the its possibility 
to be found on Mars (e.g., based on SCN meteorites, 
previous Mars landers and orbiters data, and Martian 
analogue sample studies). Additional minerals, not found as 
studied by Mössbauer spectroscopy, are being collected and 
studied from room temperature down to – 100°C. Up to now, 
over 2,600 references are stored and classified according to 
the criteria described above. Is the intention of the authors to 
make available the whole data set and programs by the end 
of the Mars missions.  

Fast Mineral Identification: A hybrid artificial neural 
network [2, 3], associated with the data base, was 
implemented. The program, written in C++ language, 
consists in a learning vector quantization (LVQ) network. 
Specific trainings were performed using Mössbauer 
parameters at room and at liquid nitrogen temperature. The 
neural identification is robust to minor changes at the 
reported parameters. This capability comes from its ability to 
see through noise. After the adequate training, the ANN 
could successfully and quickly identify the studied Fe-
bearing mineral from its Mössbauer parameters. 

Conclusions: A very specific Mössbauer data base was 
built taking into consideration the needs of the Mars 
Missions. The information published in the literature was 
carefully analyzed. The most relevant variables that may 
lead to changes of the Mössbauer parameters of each mineral 
were recorded in the data base records. The stored 
Mössbauer parameters were used to train an artificial neural 
network making possible a fast and accurate mineral 
identification from measured Mössbauer parameters. Before 
the first Mössbauer spectrum is obtained on Mars surface, 
early in 2004, several and exhaustive tests are planed to be 
carried out. Very detailed calibration and data validation is 
an important upcoming issue in the present investigation. 
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Introduction:  The large-crater covered Martian 

crust and the absence of large scale recycling suggests 
strongly that the crust was a product of an ancient 
planetary global differentiation process about 4.5 Ga 
as indicated by the whole rock Rb-Sr isotopic 
compositions of the Martian meteorites. Together with 
geophysical and geochemical data from spacecraft 
missions, the Martian meteorites provide constraints 
on the nature of the crust. Using elemental data from 
orbital and in-situ measurements of the Martian 
surface and Martian meteorites, an estimation of the 
global Martian crust composition could be derived. 

There are two distinctively different methods to 
obtain elemental composition of the surface: either by 
remote sensing or in-situ measurements. Both are 
complimentary to each other. 

Remote sensing:  The NASA 2001 Mars Odyssey 
spacecraft has gamma-ray and neutron spectrometers 
on board to look into the surface for over at least one 
Martian year [1]. Characteristic gamma rays that are 
emitted by Mars are used to infer the elemental 
composition of the top tens centimeters of the surface. 
Seasonal changes caused by condensing and subliming 
of CO2 on the polar caps are monitored, directly. In 
addition, subsurface water ice was discovered in high-
latitude regions (> 50 degrees north and south) 
surrounding the polar caps [2].  

The Mars Odyssey gamma-ray spectrometer 
consists of a large high-purity germanium crystal 
cooled passively to about 85 K that provides high-
resolution spectra. The Ge crystal is encapsulated into 
a special titanium can that maintains an ultra-high 
vacuum. This technology ensures to carry out multiple 
annealing cycles to remove accumulated radiation 
damage that is caused by bombardment of cosmic-ray 
and solar charged particles. During orbiting Mars, 
gamma rays are recorded during very short time 
intervals of about 20 seconds together with a time 
stamp. Later on Earth, these short ‘exposures’ can be 
combined into gamma-ray spectra with sufficiently 
high counting statistics. A sophisticated database 
permits to sum spectra according to selected regions or 
time periods. From sets of spectra, elemental maps are 
derived showing concentration variations of Mars. 

In-situ measurements:  The Mars Pathfinder 
(MPF) mission used the small rover Sojourner to 
explore the surroundings of the landing site. Attached 
to the rover was a compact instrument, the Alpha 

Proton X-Ray Spectrometer (APXS), to determine the 
elemental composition of selected soils and rocks on 
the surface [3]. The APXS sensor head contained α- 
and X-ray detectors and radioactive curium-244 
sources. The surface of a sample was bombarded by 
energetic alpha particles and x-rays emitted by the Cm 
sources. The x-ray spectra permitted to determine the 
concentrations of elements from Na up to Fe 
(increasing atomic weight) [4], while the alpha spectra 
provided detection limits for carbon [5]. 

To refine the first data evaluation [4], a re-
calibration of the instrument was performed under 
simulated Martian conditions. As a result [5, 6], the 
concentrations of Si, Fe, and K changed somewhat, but 
the main conclusions of [4] remained valid. However, 
considerable improvements were obtained in the 
determination of P, S, K, Ti, and Mn [7].  

Martian rocks and soils at Ares Vallis:  There is 
a significant difference of the chemical compositions 
between soils and rocks of the Mars Pathinder landing 
site at Ares Vallis. While the soils are compositionally 
similar to those at the Viking landing sites [8], the 
rocks with high Si and low Mg concentrations 
represent highly differentiated crustal material similar 
to what is found on Earth. As evident from the MPF 
camera images, the surfaces of the rocks are covered to 
varying degrees with adhering dust [9]. The APXS 
detectors cannot discriminate between rock surface 
and adhering dust as everything within the field of 
view of the sensor head contributes to the measured 
signal. To determine the amount of soil on the rock 
surfaces, a special method was applied. 

The analysis of the Pathfinder soils showed a high 
concentration of sulfur, similar to the Viking landing 
sites. As most rocks do not contain much sulfur, S was 
used as a marker for the amount of soil seen by the 
APXS. The mean soil revealed a sulfur concentration 
of 2.7 weight %, while the S concentration of the 
Pathfinder rocks varied from 0.8 to 2.0 % and 
exceeded by far concentrations accommodated in 
magmas or igneous rocks. As shergottites (the most 
abundant type of Martian meteorites) contain S 
between 0.13 to 0.32 % and as the Pathfinder rocks 
seem to be more fractionated than shergottites, an 
upper S concentration of 0.3 % was adopted for the 
Pathfinder rocks. Hence, to extrapolate the 
composition of a soilfree rock a regression of all 

Sixth International Conference on Mars (2003) 3088.pdf



measured elements versus S was applied (Table 1, see 
at the end).  

The potential contribution of the alpha mode to the 
general analysis was the ability to detect carbon, which 
could not be measured by the x-ray detector. All other 
elements, except O, can be determined much better by 
the x-ray mode. No carbon could be detected in the 
Pathfinder samples; therefore, the carbon content had 
to be below the detection limit of about 0.8 % [6]. The 
low content of carbonates in the Martian soil is in 
accordance with the dominance of SO3 [10, 11] that 
together with water vapor produces sulfuric acid, 
which in turn decomposes carbonates and returns CO2 
into the atmosphere. 

The intrinsic carbon content in the Martian 
meteorites is also low. Even the 4.5 Ga old Martian 
meteorite from the ancient crust, ALH 84001, contains 
only 0.06 % total C, i.e. terrestrial contamination plus 
intrinsic carbon.  

Global maps:  The maps of Si, Fe and K 
determined with the Mars Odyssey gamma-ray 
spectrometer reveal a compositional diversity of the 
Martian crust [12]. However, all data are in the 
concentration ranges as observed by the space 
missions Phobos [13], Viking [8] and Mars Pathfinder 
[4, 5, 6, 7], which indicate similar chemical 
compositions of the surface.  

Local data:  The in-situ measurements of the 
Martian surface by Viking [8] and Mars Pathfinder [4, 
5, 6, 7], their sites thousands of kilometers apart, 
revealed similar chemical compositions of the surface. 
Only for potassium, there is a considerable difference. 
The investigators of the Viking XRF spectrometer 
reported an upper limit of 0.12 % K [8], while 
Pathfinder found 0.5 % K, a four times higher value. 
Assuming the Viking detection limit is valid, the 
Pathfinder soil is indeed enriched in K. The reason 
could be the weathering of the local Pathfinder rocks, 
whose soil-free K concentration is 1.1 %. The other 
option could be an overestimated sensitivity of the 
Viking X-ray detector for K. It could well be that the 
K concentration of the Martian surface is in certain 
regions higher than at the Viking sites. The gamma-ray 
spectrometer of the Phobos mission measured a value 
of about 0.3 % K [10, 11]. Recent K maps obtained by 
the Mars Odyssey gamma-ray spectrometer [12] also 
show large variations in K on the Martian surface 
ranging from nearly 0.2 up to 0.7 %.  

Martian Surface Chemistry and Implication for 
the Crust:  The similar chemical composition of the 
soils at different landing sites indicates a thorough 
mixing of surface material on a global scale. As a first 
approach, the average soil composition of Mars may 
be a reasonable estimate of the overall bulk crustal 

composition [15]. Neglecting the extremely high S- 
and Cl concentrations of the soil, which probably have 
their cause in volcanic exhalations [16], the similarity 
in the chemical composition of the soil and the basaltic 
shergottites is remarkable (Table 2). 

 
Oxide 
[weight 

%] 

MPF 
‘Soil-
free’ 
Rock 

MPF 
Soil 

minus 
S & Cl 

Basaltic 
Martian 

Meteorites 

Earth 
Conti-
nental 
Crust 

Na2O 2.5 1.2 1.0 - 2.2 3.3 
MgO 1.5 9.4 3.7 - 11.0 3.9 
Al2O3 11.0 8.6 4.8 - 12.0 15.7 
SiO2 57.0 45.7 49.0 - 51.4 60.2 
P2O5 0.95 1.1 0.6 - 1.5 0.2 
SO3 0.75 0 0.33 - 0.80 0.2 
Cl 0.32 0 0.005 - 0.013 0.2 

K2O 1.4 0.7 0.06 - 0.25 2.1 
CaO 8.1 7.1 10.0 - 11.0 6.9 
TiO2 0.69 1.1 0.8 - 1.8 0.9 

Cr2O3 - 0.3 0.014 - 0.30 0.022 
MnO 0.55 0.6 0.45 - 0.53 0.1 
FeO 15.7 21.7 17.7 - 21.4 6.3 

Table 2 Comparison of Mars and Earth chemistry 
referring to some data from Table 1.  
 

An additional link between Martian meteorites 
(SNCs) and Martian surface provides the good 
correlation between Al and P for most Martian 
meteorites and Pathfinder rocks and soils (Figure 1). 
Compared to terrestrial values (Table 2) Martian 
basalts (shergottites), and Pathfinder soils and rocks 
are rich in P. In Martian meteorites, the content of 
phosphates follows the content of feldspar. The 
deviation of certain aliquots of the same meteorite 
from the correlation line must be a sampling effect of 
small aliquots and depends on the specific modal 
composition of the analyzed aliquot. The Pathfinder 
soil plots nicely on the Al-P correlation line in 
Figure 1. The similar concentrations of P in soils and 
rocks at Ares Vallis would be more in accordance with 
a sedimentary origin of these rocks rather than an 
igneous origin. However, the solubility of apatite in a 
melt depends on its SiO2 content [17]. Hence, it might 
well be that the solubility limit of apatite confined the 
P concentration in the SiO2 rich Pathfinder rocks. 

Potassium is the exception of the similarity of the 
postulated Martian crustal composition and the basaltic 
shergottites. The K contents of the calculated 
Pathfinder rock (1.1 %) [5, 6, 7] and the soils 
measured by Phobos (0.3 %) [13, 14] and Pathfinder 
(0.5 %) are higher than the K content in the basaltic 
shergottites (0.18 %). This higher K concentration on 
the Martian surface might suggest an enrichment of Rb 
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in the crust. A good correlation between the highly 
incompatible elements K and Rb was found for all 
Martian meteorites, independent of their rock type 
(Figure 2). This is in contrast to that found on Earth 
[18]. The absence of plate tectonics on Mars might be 
the reason for the constant K/Rb, K/U, K/Sr and K/Nd 
ratios in Martian meteorites. Suggesting the same 
systematic for the Martian crust as found in these 
meteorites, we calculated with the known K 
concentrations from the Pathfinder and Phobos 
missions the crustal Rb, Sr, and Nd contents, 
respectively (Fig. 2, Table 3). 
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Fig. 1  Correlation between Al and P in SNC 
meteorites and Pathfinder samples. 
 

The abundances of the large ion lithophile (LIL) 
elements in the Martian crust in this model depend on 
the assumed crustal K content (0.3 – 1.1 %) and the 
thickness of the crust. Geophysical data determined by 
Mars Global Surveyor derived crustal thickness values 
of ~50 km [19] and 30 – 100 km [20]. A mass balance 
model based on Nd isotopic compositions and REE 
abundances in Martian meteorites by [21] resulted in a 
fraction of 55 % of the total Nd inventory in the crust. 
This estimate assumed a 20 or 30 km crustal thickness 
and an Nd concentration of about 34 or 23 ppm, 
respectively. Table 3 reports our calculations of the 
magnitude of K, Rb, Sr, and Nd contents for a 30 km 
thick crust. For these estimates the bulk Mars 
composition of [22] was used. 

It can be assumed, that U and Th have a similar 
enrichment in the crust as estimated for K and Th [15, 
23]. The Mars Odyssey gamma-ray spectrometer 
obtained an average Th concentration of 1.1 ppm in 

the surface [24], which would corresponds to 50 % Th 
in a 30 km thick crust. This result confirms the above 
assumption and is in good agreement with our 
estimated K abundance of 0.5 % for a 30 km thick 
crust. 
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Fig. 2  K – Rb correlation of the SNC meteorites. 
 

The radiogenic heat production would be stored in 
the crust for 4.5 Ga. Assuming for Mars a similar 
distribution of heat producing elements between crust 
and mantle of about 50 %, as found for the Earth, our 
estimated crustal composition based on Pathfinder soil 
[5, 6, 7] provides with 0.5 % K and 17 ppm Nd 
reasonable values.  
 
 

Constraints K  Rb1)  Sr2)  Nd3) Sr/Nd
  [ %] [ppm] [ppm] [ppm]   

K: MPF-soil  0.5 25 180 16.5 11 
%  in crust*  39 41 26 43   
K: Phobos 0.3 15 110 10 11 
%  in crust*  24 25 16 26   
K: MPF-rock 1.1 56 405 36 11 

%  in crust*  87 93 57 94   

* Thickness of the crust: 30 km    
1) K/Rb = 200; 2) K/Sr = 27; 3) K/Nd = 308   

Table 3  Estimated Martian crust composition. 
 
Summary: The APXS data of the Pathfinder 

landing site provide a base for a global estimation of 
the Martian surface and crust composition. The 
combination of in-situ measurements and element 
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correlations of the Martian meteorites implies an old 
basaltic crust with high abundances of incompatible 
(K, Rb, Nd, U, Th) and volatile (S, Cl) elements. 
Carbonates are absent or low in soils and rocks with an 
upper limit of about 1 % carbon. 

Outlook:  The upcoming NASA Mars Exploration 
Rovers 2003 have a robotic arm with three small 
instruments and a rock abrasion tool (RAT): A new 
high-resolution APXS for chemistry, a Mössbauer 
Spectrometer for mineralogy, and a microscopic 
camera for texture. This combination of instruments 
will provide unprecedented insides in the landing sites. 
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Sample Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe3+ 

A-4, soil 0.7 6.0 4.4 19.9 0.8 3.0 0.57 0.50 4.3 0.6 0.1 0.6 13.7 
A-5, soil 0.8 5.6 4.6 19.1 0.7 2.6 0.55 0.43 4.7 0.5 0.3 0.3 16.1 
A-10, soil 1.0 4.9 3.9 19.5 0.4 2.8 0.53 0.37 4.9 0.6 0.2 0.4 16.5 
A.15, soil 0.7 4.5 4.0 20.5 0.4 2.4 0.54 0.72 4.7 0.7 0.2 0.4 16.1 
Mean Soil 0.8 5.2 4.2 19.8 0.4 2.7 0.55 0.50 4.7 0.6 0.2 0.4 15.6 
A-8, Scooby Doo 1.2 4.4 4.8 21.3 0.3 2.5 0.55 0.65 5.8 0.7 – 0.4 13.1 
Rocks                         Fe2+ 
A-3, Barnacle Bill 1.3 1.9 5.8 25.2 0.6 1.1 0.41 1.07 4.3 0.6 0.1 – 12.6 
A-7, Yogi 0.9 4.0 5.1 23.3 0.4 2.0 0.50 0.72 5.3 0.5 – 0.4 13.0 
A-16, Wedge 1.7 2.8 5.4 22.7 0.4 1.3 0.41 0.79 5.8 0.6 – 0.5 14.7 
A-17, Shark 1.5 2.1 5.3 25.8 0.4 0.8 0.38 0.94 6.3 0.4 0.03 0.4 11.5 
A-18, Half Dome 1.3 2.4 5.8 24.2 0.4 1.2 0.37 0.91 4.7 0.5 – 0.4 14.1 
Rel. Error (%) 40 10 7 10 20 20 15 10 10 20 50 25 5 
Soilfree rock 1.8 0.90 5.80 26.5 0.4 0.3 0.32 1.12 5.7 0.4  – 0.4 12.1 

 
Table 1 Concentration of Mars Pathfinder samples in weight percentage, based on refined calibration of APXS. 
The soilfree rock is derived from the measured rocks by assuming an S concentration of 0.3 %. Scooby Doo (A-8) 
is a cemented soil. The relative error applies to rocks as well as to soils. 
 

Sixth International Conference on Mars (2003) 3088.pdf



  

THE CHEMICAL COMPOSITION OF MARTIAN SAMPLES–FINAL RESULTS FROM THE 
PATHFINDER ALPHA PROTON X-RAY SPECTROMETER.  T. E. Economou1,3, C. N. Foley2,  and R. N. 
Clayton3, 1Laboratory for Astrophysics and Space Research, University of Chicago, 933 East 56th Street, Chicago, 
IL 60637, tecon@tecon.uchicago.edu, 2Isotope Geochemistry Laboratory, Department of Geology, The Field Mu-
seum, Chicago, IL 60605, 3Enrico Fermi Institute, University of Chicago, Chicago, IL 60637. 
 

 
     Introduction: The Alpha Proton X-ray Spectrometer 
(APXS) on the Pathfinder mission to Ares Vallis on Mars in 
July, 1997, provided data that were used to determine the 
geochemistry and infer the petrology of the rocks and soils at 
the landing site. The previously reported preliminary X-ray 
results [1] were based on calibration data before instrumental 
biases were determined and before a minor instrumental 
difference between the laboratory and flight instrument was 
corrected. Also, these preliminary results [1] did not include 
alpha and proton results. The alpha mode in particular reveals 
the amounts of carbon and oxygen, important for 
understanding of the volatile contents of the Pathfinder 
samples. In order to determine the abundances from the alpha- 
proton modes, a technique for atmosphere subtraction from the 
spectra was developed [2]. The flight duplicate has been used 
to determine the accuracy of analysis under Martian conditions 
with all three modes of the APXS [2, 3]. We have now finished 
the re-analysis of all the Pathfinder APXS data, both the alpha-
proton and the x-ray modes. Two papers, one on the calibration 
of the APXS [4] and another one on the final results of the 
martian samples at the Pathfinder landing site [5], have been 
written and sent for publication to JGR. This work was also the 
basis for a Ph.D. degree awarded at the University of Chicago 
[6]. 
 Pathfinder Chemical Results: Pathfinder sample 
abundances as now determined by the X-ray mode are listed in 
table I. The alpha-proton modes yield similar bulk abundances, 
on a volatile free basis (table II) to the X-ray mode for 
Pathfinder rocks. However, the alpha-proton mode abundances 
for soils, on a volatile free basis, are approximately 20 relative 
% lower than X-ray for iron and approximately 2 relative % 
higher for silicon. The preferred Pathfinder sample 
abundances, as determined from all modes, are listed in table 
III. Similar results to our X-ray values have been obtained 
independently by analyses of the X-ray mode of the instrument 
by the group at  Mainz [7]. 
 The accuracy of our chemical results is supported by 
the agreement of the three modes of the instrument for most 
samples on a volatile-free basis. Since the X-ray mode is the 
most independent of the three modes, its elemental 
abundances are used together with the carbon, sodium, and 
water contents from the alpha-proton joint mode to derive 
the final preferred bulk sample abundances. These results, 
normalized to 100%, are listed in table III. The errors listed 
were derived from the laboratory measurements of accuracy 
and from counting statistics.  

Alpha-Proton Mode Carbon and Oxygen:  No car-
bon is detected in the Pathfinder samples. Therefore, the abun-
dance of sample carbon is below the APXS detection limit of 
0.3 wt% [3, 7]. The bulk oxygen determination from the alpha 
mode has yielded some excessive amounts of oxygen possibly 
indicating the presence of chemically bound water.  

 Excess oxygen:  The bulk oxygen content of most soils 
is accounted for by assuming that all iron is in the 3+ oxidation 
state and all sulfur is in the 6+ oxidation state. In some rocks, 
however,  the oxygen excess remains unaccounted for even if 
we assume the highest oxidation state for all detected elements. 
Our ability to detect excess oxygen (above stoichiometry for 
the measured elements), due to oxygen from water (for which 
the APXS can not detect H), is illustrated in figures 1 and 2.  
Clearly there is a significant difference in the spectra within 
figures 1 and 2 if no sample water is present.  Figure 3 shows 
a typical Pathfinder soil (A-15) which appears to have no 
excess oxygen, while figure 4 shows a rock (A-17) which 
appears to have a significant amount of excess oxygen.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 2 
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Figure 3 
 

 
 
                                       

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 
 

Significant effort went into taking into account all other 
sources that could contribute to such oxygen excesses in 
some samples, but none was significant enough to explain it.    

Inferred sample-water contents: The excess oxygen 
detected in some Pathfinder samples cannot then be ac-
counted for by any major rock-forming element measured 
with the APXS, including carbon and nitrogen, which there-
fore rules out the presence of detectable carbonate or nitrate. 
It is probable that this excess oxygen is bound to hydrogen, 
which is the only major rock-forming element not measured 
with the APXS. Using the abundances measured from the α 
mode, the amount of excess oxygen detected can be con-
verted to an amount of mineral-bound water possibly present 
in the samples with different assumptions of the oxidation 
states of iron and sulfur as listed in table I. The range of 
water content for the soils, based on these analyses  is be-
tween –3.7 + 1.7 and 0.3 + 1.7 wt%, (assuming SO3 and 
Fe2O3). These negative values are closer to zero if some iron 
is assumed to be in the +2 oxidation state. However, irre-
gardless of oxidation state, none of the soil water contents 
are significantly different from zero. The range of water 
content for the rocks, assuming SO3 and FeO, is between 0.1 
+ 1.3 and 4.3 + 1.3 wt. Furthermore, it is the rocks with the 
least soil-cover which have the most water. This implies that 
other Pathfinder rocks may also have higher water contents 
which may be  masked by their covering anhydrous soil. 

Proton mode in the laboratory: The most important 
contribution from the proton mode is the more accurate de-
termination of the Pathfinder sodium abundances. This is due 
to better couting statistics for the proton mode than the alpha 
or X-ray modes as discussed in more detail by [4, 5 ,6]. The 
proton spectra have several peaks due to (α,p) reactions oc-
curring within samples at different energies for each proton-
producing element. The computed and/or measured values 
for the proton library spectra of Na2O, MgO, Al2O3, SiO2, 
and S were derived. This proton library consists of the col-
lected intensities from analyzing standards of chemically 
pure and homogeneous fine-grained simple compounds 
(NaCl, MgO, Al2O3 and SiO2) and elemental sulfur (figure 
5). There is no proton signal from the oxygen within these 
oxides. The proton intensity is proportional to the concentra-
tion of the proton emitters: Na, Mg, Al, Si, and S. The spec-
trum for Na2O is computed using the proton spectrum of 
NaCl for which there is no significant chlorine contribution. 
The only significant effect of the Martian atmosphere on the 
proton spectra is to introduce a small contribution from the 
2.7% of atmospheric nitrogen. This nitrogen contribution 
was measured by pointing the APXS toward the Martian sky 
to measure only atmosphere during a period of comparable 
atmospheric number density to the Pathfinder sample meas-
urements.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5 
 

Conclusions:   The new chemical analyses derived 
from the X-ray and α-proton modes yield somewhat different 
results from the preliminary analyses based on the X-ray mode 
alone. The final bulk abundances from the X-ray mode are dif-
ferent and include minor element abundances not reported ear-
lier, due to further calibration of the duplicate instrument under 
Martian conditions. Furthermore, these results include analyses 
of the α-proton joint mode of the instrument, not reported in the 
preliminary results.  

The new chemical abundances imply that the Pathfinder 
rocks may have been altered to enhance their water content. It 
may be useful to compare the water contents acquired by the 
APXS with those acquired by the gamma-ray and neutron 
monitors on the Mars Odyssey. Although the instruments de-
termine the water contents within different sample depths, there 
may be interesting information gathered about surface processes 
by comparing these data sets.    
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TABLE II. ALPHA/PROTON MODE RESULTS (+ 1σ).  
 

Soils Na2O MgO* Al2O3* SiO2 P2O5* SO3* Cl* K2O* CaO TiO2* Cr2O3* MnO* Fe2O3 O† 
A-2 Deploy 3.2+0.9 8.8+2.1 10.6+0.9 41.7+1.3 1.0+0.2 6.1+1.2 0.7+0.2 0.5+0.1 6.5+0.5 0.6+0.2 0.3+0.1 0.5+0.1 20.3+2.5 -0.8+1.5 
A-4 Next to 
Yogi 

3.3+0.8 8.2+1.9 10.8+0.9 42.0+1.3 1.2+0.2 7.1+1.5 0.8+0.2 0.6+0.1 6.7+0.5 0.9+0.3 0.3+0.1 0.4+0.1 18.8+2.3 -1.1+1.5 

A-5 Dark 
Next to Yogi 

3.5+0.8 7.9+1.9 11.6+1.0 45.4+1.4 0.6+0.1 6.4+1.3 0.9+0.2 0.4+0.1 5.0+0.4 0.5+0.1 0.4+0.1 0.1+0.1 20.6+2.5 -3.5+1.5 

A-10 Lamb 1.9+0.7 7.9+1.9 10.3+0.9 43.6+1.6 0.7+0.1 6.6+1.4 0.9+0.2 0.5+0.1 7.8+0.8 0.6+0.2 0.2+0.1 0.3+0.1 18.6+2.3  0.1+1.6 
A-15 Mer-
maid 

2.8+0.9 7.0+1.6 10.3+0.9 44.7+1.4 0.6+0.1 5.4+1.1 0.8+0.2 1.0+0.2 7.9+0.7 0.7+0.2 0.3+0.1 0.3+0.1 19.5+2.4 -1.2+1.4 

               
Indurated 
Soil 

              

A-8 Scooby 
Doo 

3.1+0.9 6.4+1.5 10.5+0.9 45.3+1.6 0.5+0.1 5.4+1.1 0.8+0.2 0.9+0.1 7.8+0.7 0.7+0.2 0.10+0.05 0.3+0.1 17.4+2.2  0.7+1.4 

               
Rocks Na2O MgO* Al2O3* SiO2 P2O5* SO3* Cl* K2O* CaO TiO2* Cr2O3* MnO* FeO O† 
A-3 Barnacle 3.1+0.6 2.1+0.5 12.5+1.0 52.5+1.7 0.7+0.1 1.9+0.4 0.5+0.1 1.1+0.1 5.6+0.4 0.7+0.2 0.10+0.05 0.4+0.1 18.8+2.3  0.2+1.2 
A-7 Yogi 4.6+1.0 4.9+1.2 10.6+0.9 44.6+1.4 0.5+0.1 4.2+0.9 0.7+0.2 0.8+0.1 7.9+0.7 0.7+0.2 0.10+0.05 0.4+0.1 17.1+2.1  2.9+1.3 
A-16 Wedge 4.7+1.1 3.9+0.9 11.0+0.9 46.1+1.5 0.5+0.1 3.0+0.6 0.6+0.1 0.9+0.1 8.2+0.7 0.7+0.2 0.00+0.05 0.3+0.1 18.7+2.3  1.2+1.2 
A-17 Shark 3.3+0.9 3.6+0.9   9.9+0.8 50.0+1.6 0.4+0.1 1.6+0.4 0.5+0.1 0.9+0.1 8.5+0.7 0.6+0.2 0.10+0.10 0.4+0.1 16.4+2.0  3.7+1.2 
A-18 Half 
Dome 

3.9+0.8 3.3+0.8 12.0+1.0 48.7+1.5 0.6+0.1 3.0+0.6 0.6+0.1 1.3+0.2 8.1+0.8 0.7+0.2 0.05+0.07 0.4+0.1 17.3+2.1 -0.1+1.2 

Key: *Oxides or elements are values determined from X-ray ratios of Mg/Si, Al/Si, P/Si, S/Si, Cl/Si, K/Ca, Ti/Fe, Cr/Fe, and Mn/Fe. Na2O, SiO2, 
CaO, Fe2O3 or FeO, and O† are those measured independently with the α-proton mode. O† is the residual oxygen from the measured total oxygen 
minus the assumed stoichiometrically bound oxygen as listed. Errors are the statistical and laboratory combined error, at the 1σ level.Sulfur is 
assumed to have +6 oxidation state because of its high abundance, and because of the Viking soil analyses which support this oxidation state [8]. 
Fe is assumed to have +3 oxidation state in the soils and +2 oxidation state in the rocks based on IMP (Imager for Mars Pathfinder) red/blue ratios 
which indicate more oxidized iron in the soils than the rocks [9]. 
 
 
 
 

TABLE I. X-RAY MODE RESULTS (+ 1σ). 
 

Soils Na2O* MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 
A-2 Deploy 3.2+0.7 8.7+2.0 10.4+0.8 40.9+0.8 0.9+0.2 6.0+1.2 0.7+0.2 0.50+0.04 6.1+0.4 0.7+0.2 0.3+0.1 0.5+0.1 21.2+0.9
A-4 Next to Yogi 3.2+0.7 8.0+1.9 10.6+0.8 41.0+0.9 1.2+0.2 6.9+1.4 0.8+0.2 0.50+0.07 5.6+0.4 1.0+0.3 0.4+0.1 0.4+0.1 20.4+0.8
A-5 Dark 
Next to Yogi 

3.2+0.6 7.1+1.7 10.4+0.8 40.7+0.9 0.6+0.1 5.7+1.1 0.8+0.2 0.50+0.05 6.1+0.4 0.6+0.1 0.5+0.1 0.20+0.06 23.7+1.0

A-9 Disturbed 
Soil by Scooby 

2.6+2.4 6.4+1.6 10.2+0.9 41.7+0.9 0.8+0.2 6.6+1.4 1.2+0.3 0.70+0.09 6.4+0.5 0.8+0.2 0.2+0.1 0.1+0.1 22.2+1.0

A-10 Lamb 1.8+0.7 7.5+1.7 9.8+0.7 41.3+0.9 0.6+0.1 6.4+1.3 0.8+0.2 0.40+0.04 6.0+0.4 0.8+0.2 0.3+0.1 0.4+0.1 24.0+1.0
A-15 Mermaid 2.7+0.8 6.7+1.6 9.9+0.8 43.2+1.0 0.6+0.1 5.2+1.1 0.8+0.2 0.70+0.07 5.5+0.4 0.8+0.2 0.3+0.1 0.3+0.1 23.2+1.0
              
Indurated 
Soil 
A-8 Scooby Doo 

 
 

3.1+0.8 

 
 

6.4+1.5 

 
 

10.5+0.8 

 
 

45.0+1.0 

 
 

0.5+0.1 

 
 

5.5+1.1 

 
 

0.9+0.2 

 
 

0.80+0.06

 
 

7.0+0.5 

 
 

0.7+0.2 

 
 

0.1+0.1 

 
 

0.3+0.1 

 
 

19.1+0.8
              
Rocks Na2O* MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO FeO 
A-3 Barnacle 3.2+0.5 2.1+0.5 12.8+0.9 54.1+1.1 0.7+0.1 2.0+0.4 0.5+0.1 1.1+0.07 5.7+0.4 0.6+0.1 0.10+0.04 0.3+0.1 16.7+0.7
A-7 Yogi 4.9+0.8 5.2+1.2 11.2+0.9 47.4+1.1 0.5+0.1 4.4+0.9 0.8+0.2 0.70+0.06 6.6+0.5 0.7+0.2 0.10+0.1 0.4+0.1 17.1+0.7
A-16 Wedge 4.9+0.9 4.1+1.0 11.5+0.8 48.0+1.1 0.6+0.1 3.0+0.6 0.6+0.1 0.80+0.07 6.9+0.5 0.7+0.2 0.00+0.04 0.3+0.1 18.6+0.8
A-17 Shark 3.6+0.8 3.9+1.0 10.7+0.8 53.9+1.2 0.5+0.1 1.7+0.4 0.5+0.1 0.80+0.09 7.7+0.6 0.5+0.2 0.10+0.1 0.4+0.1 15.8+0.7
A-18 Half Dome 4.0+0.7 3.4+0.8 12.3+0.9 50.0+1.1 0.6+0.1 3.0+0.6 0.7+0.2 1.0+0.08 6.0+0.5 0.7+0.2 0.10+0.1 0.4+0.1 17.9+0.7

 
Key: All X-ray Na2O* values are calculated from α-proton mode Na2O/SiO2 values except for A-9, disturbed soil by Scooby Doo, which is derived from X-ray. Errors  
are the statistical and laboratory combined error, at the 1σ level. Sulfur is assumed to have +6 oxidation state because of its high abundance, and because of the Viking  
soil analyses which support this oxidation state [8]. Fe is assumed to have +3 oxidation state in the soils and +2 oxidation state in the rocks based on 
 IMP (Imager for Mars Pathfinder) red/blue ratios which indicate more oxidized iron in the soils than the rocks [9]. 
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TABLE III. PREFERRED BULK CHEMICAL ABUNDANCES (α, X-RAY, PROTON) FOR ALL ELEMENTS WITHIN PATHFINDER 
SAMPLES BASED UPON X-RAY RESULTS NORMALIZED TO CONTAIN THE WATER CONTENT INFERRED FROM THE ALPHA-
PROTON MODE. 
 

Soils H2O Na2O* MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO Fe2O3 
A-2 Deploy - 3.2+0.7 8.7+2.0 10.4+0.8 40.9+0.8 0.9+0.2 6.0+1.2 0.7+0.2 0.50+0.04 6.1+0.4 0.7+0.2 0.3+0.1 0.5+0.1 21.2+0.9
A-4 Next to Yogi - 3.2+0.7 8.0+1.9 10.6+0.8 41.0+0.9 1.2+0.2 6.9+1.4 0.8+0.2 0.50+0.07 5.6+0.4 1.0+0.3 0.4+0.1 0.4+0.1 20.4+0.8
A-5 Dark 
Next to Yogi** 

- 3.3+0.7 7.3+1.6 10.6+0.8 41.7+0.9 0.6+0.1 5.8+1.1 0.8+0.2 0.5+0.05 6.2+0.4 0.6+0.1 0.5+0.1 0.2+0.1 21.8+1.0

A-9 Disturbed 
Soil by Scooby 

n.d. 2.6+2.4 6.4+1.6 10.2+0.9 41.7+0.9 0.8+0.2 6.6+1.4 1.2+0.3 0.70+0.09 6.4+0.5 0.8+0.2 0.2+0.1 0.1+0.1 22.2+1.0

A-10 Lamb 0.3+1.7 1.8+0.8 7.5+1.7 9.7+0.7 41.2+0.9 0.6+0.1 6.3+1.2 0.8+0.2 0.4+0.04 6.0+0.4 0.8+0.2 0.3+0.1 0.4+0.1 23.9+1.0
A-15 Mermaid - 2.7+0.8 6.7+1.6 9.9+0.8 43.2+1.0 0.6+0.1 5.2+1.1 0.8+0.2 0.70+0.07 5.5+0.4 0.8+0.2 0.3+0.1 0.3+0.1 23.2+1.0
               
Indurated 
Soil 

              

A-8 Scooby Doo 1.0+1.6 3.1+0.8 6.3+1.5 10.4+0.7 44.6+1.0 0.5+0.1 5.4+1.1 0.9+0.2 0.8+0.1 6.9+0.5 0.7+0.2 0.1+0.1 0.3+0.1 18.9+0.8
               
Rocks H2O Na2O* MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 Cr2O3 MnO FeO 
A-3 Barnacle 0.3+1.3 3.2+0.5 2.1+0.5 12.8+0.9 53.9+1.1 0.7+0.1 2.0+0.4 0.5+0.1 1.1+0.1 5.7+0.4 0.6+0.1 0.1+0.04 0.3+0.1 16.7+0.7
A-7 Yogi 3.4+1.4 4.7+0.8 5.1+1.2 10.8+0.8 45.7+1.0 0.5+0.1 4.3+0.9 0.7+0.2 0.7+0.1 6.3+0.5 0.7+0.2 0.1+0.1 0.4+0.1 16.5+0.7
A-16 Wedge 1.5+1.5 4.8+1.0 4.0+0.9 11.3+0.8 47.2+1.0 0.5+0.1 3.0+0.6 0.6+0.1 0.8+0.1 6.8+0.5 0.7+0.2 0.0+0.04 0.3+0.1 18.3+0.7
A-17 Shark 4.3+1.3 3.4+0.8 3.7+0.9 10.2+0.8 51.5+1.2 0.4+0.1 1.6+0.4 0.5+0.1 0.8+0.1 7.3+0.5 0.5+0.2 0.1+0.1 0.4+0.1 15.1+0.6
A-18 Half Dome 0.1+1.3 4.0+0.7 3.4+0.8 12.3+0.9 50.0+1.1 0.6+0.1 3.0+0.6 0.7+0.1 1.0+0.1 6.0+0.5 0.7+0.2 0.1+0.1 0.4+0.1 17.9+0.7

Key: All X-ray Na2O* values are calculated from α-proton mode Na2O/SiO2.H2O values listed as (-) are those which are negative (by a magnitude similar to the  
total water 1σ error), and are therefore assumed to be zero. A-9 H2O abundance was not calculated because it was measured at a significantly greater distance.  
Errors are the combined statistical and laboratory error, at the 1σ level. **Dark Yogi Soil Fe is assumed to be in the +2 oxidation state because of the large negative  
value obtained for “excess oxygen” when it is assumed to be in the 3+ state. 
 
 

References: [1] Rieder R., H. Wänke, T. Economou, 
and A. Turkevich (1997), J. Geophys. Res. 102: No. E2, 
4027-4044.   [2] Foley, C. N., T. E. Economou, and R. N. 
Clayton (2001), LPSC  XXXII, abstract #1979. [3] 
Foley, C. N., T. E. Economou, and R. N. Clayton (2002), 
LPSC XXXIII, abstract #2073. [4] Foley, C. N., T. E. 
Economou, and R. N. Clayton (2002), Submitted for 
publication to JGR Planets. [5] Foley, C. N., T. E. 
Economou, and R. N. Clayton (2002), Submitted for 

publication to JGR Planets.  [6] Foley, C. N., (2002) 
Ph.D. Dissertation, University of Chicago. [7] 
Wänke, H., J. Brückner, G. Dreibus, R. Rieder, and I. 
Ryabchikov (2001), Space Sci. Rev. 96, 317-330. [8] 
Toulmin et al. (1977), J. Geophys. Res. 82, 4625-
4634. [9] McSween et al. (1999), J. Geophys. Res. 
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OPERATION OF MRO’s HIGH RESOLUTION IMAGING SCIENCE EXPERIMENT (HiRISE): 
MAXIMIZING SCIENCE PARTICIPATION.  E. Eliason1, C. J. Hansen2, A. McEwen3, W.A. Delamere4, N. 
Bridges2, J. Grant5, V. Gulick6, K. Herkenhoff1, L. Keszthelyi1, R. Kirk1, M. Mellon7, P. Smith3, S. Squyres8, N. 
Thomas9, and C. Weitz10.  1USGS, 2JPL, 3LPL, University of Arizona, 4Ball Aerospace and Tech. Corp., 5CEPS, 
Smithsonian Ins., 6NASA Ames/SETI,  7University of Colorado, 8Cornell University, 9University of Bern, Switzer-
land, 10PSI/NASA 

 
    Introduction: Science return from the Mars Recon-
naissance Orbiter (MRO) High Resolution Imaging 
Science Experiment (HiRISE) will be optimized by 
maximizing science participation in the experiment.  
MRO is expected to arrive at Mars in March 2006, and 
the primary science phase begins near the end of 2006 
after aerobraking (6 months) and a transition phase.   
The primary science phase lasts for almost 2 Earth 
years, followed by a 2-year relay phase in which sci-
ence observations by MRO are expected to continue. 
    We expect to acquire ~10,000 images with HiRISE 
over the course of MRO’s two earth-year mission.  
HiRISE can acquire images with a ground sampling 
dimension of as little as 30 cm (from a typical altitude 
of 300 km), in up to 3 colors, and many targets will be 
re-imaged for stereo [1, 2]. With such high spatial reso-
lution, the percent coverage of Mars will be very lim-
ited in spite of the relatively high data rate of MRO 
(~10x greater than MGS or Odyssey).  We expect to 
cover ~1% of Mars at ~1m/pixel or better, ~0.1% at 
full resolution, and ~0.05% in color or in stereo.  
Therefore, the placement of each HiRISE image must 
be carefully considered in order to maximize the scien-
tific return from MRO. 
     We believe that every observation should be the 
result of a mini research project based on pre-existing 
datasets.  During operations, we will need a large data-
base of carefully researched “suggested” observations 
to select from.  The HiRISE team is dedicated to in-
volving the broad Mars community in creating this 
database, to the fullest degree that is both practical and 
legal.  The philosophy of the team and the design of the 
ground data system are geared to enabling community 
involvement.  A key aspect of this is that image data 
will be made available to the planetary community for 
science analysis as quickly as possible to encourage 
feedback and new ideas for targets.  
 
    Selection of targets:  In order to make sure that the 
best possible targets are imaged, the HiRISE Co-
Investigators (Co-I’s)  will take on responsibility for a 
particular science theme (e.g. volcanism, fluvial proc-
esses, polar geology, etc).  For each theme, key issues 
will be identified along with the particular targets that 
could advance our understanding of Mars if imaged at 
high resolution.  The Co-I in charge of a given theme 
will evaluate and prioritize suggested targets from the 

community, then advocate these targets through the 
sequence planning process.  Workshops in conjunction 
with large science meetings will be held to facilitate 
science community input.   
    The community will be invited to propose image 
investigations that address our understanding of  proc-
esses on Mars.  The web portal to the data base of po-
tential HiRISE targets will be open to the community 
for their direct input.  This software, “HiWEB,” will be 
based on the successful “Marsoweb” site developed for 
the ’03 Mars Exploration Rovers’ landing site evalua-
tion.  A scientist will be able to input the suggested 
target coordinates and describe their objectives.  Poten-
tial landing site targets will be supplied by Mars 
Exploration Program representatives to the project, 
also via a process that solicits input from the science 
community.    
    Operations Concept:  The operation concept fea-
tures scientists monitoring the entire uplink planning 
process.  Co-I’s will make sure that the big-picture 
view of what we’re trying to learn about Mars is pre-
sent in every decision, including prioritization of tar-
gets, resource negotiations, and optimization of the 
camera configuration.  They will be assisted by opera-
tions staff knowledgeable about the software tools used 
to plan command sequences, and camera and space-
craft limitations.  The targeting tool, named 
“HiPLAN,” is based on the JMARS tool developed by 
Mars Odyssey’s THEMIS team to target THEMIS im-
ages. 
     The MRO spacecraft is nominally pointed nadir, but 
may be maneuvered up to 30 degrees off-nadir to ac-
quire a target.  The Context Imager (CTX) and CRISM 
instruments will also have desired targets.  The MRO 
Project Scientist, working with scientists from each 
team and representatives from the Mars Exploration 
Program, will plan timelines of all off-nadir images 
approximately 3 weeks ahead of their acquisition.  Up-
dates to the ephemeris will be used to adjust the actual 
off-nadir angle and timing.  Co-I’s will take turns par-
ticipating in this process to advocate investigations and 
to work with CTX and CRISM on joint investigations.   
    Nadir targets of opportunity will be planned ~1 week 
before acquisition.  These are selected by the rotating 
Co-I from the data base of suggested observations.   
The camera has a number of configuration parameters 
[2] which will be set by the Co-I based on the science 
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requirements associated with a given image, the atmos-
pheric opacity of Mars, and the data volume available.  
    In the same distributed operations architecture used 
by Mars Global Surveyor and Odyssey, MRO science 
teams will operate their instruments from their home 
institutions.  The Operations Center (HiROC) in Tuc-
son, Arizona, will be the hub of uplink planning and 
downlink data processing.  The vision for HiROC is 
shown in Figure 1.  Requests for targets come in from 
the Co-I’s, outside scientists, scientists from other 
MRO instrument teams, and the general public (filtered 
through NASA Quest, [3]) via HiWEB and are stored 
in the “HiCAT” target data base.  The actual orbits on 

which targets will be imaged are planned using 
HiPLAN.  A final piece of software, “HiCOMMAND,” 
is used to format instrument commands for uplink to 
the spacecraft. 
    Closure of the loop is also illustrated in Figure 1, 
showing the routing of data and reporting back through 
HiCAT.  HiWEB will be used to access acquired im-
ages.  This is designed deliberately to encourage and 
facilitate the incoporation of feedback into the planning 
process, again underscoring our philosophy that each 
image should be viewed as a mini-research effort, po-
tentially leading to new avenues of investigation. 

 
Figure 1 – HiRISE Ground Operations System designed to optimize Mars science, exploration, and E/PO. Observa-
tions can be requested and images viewed by anyone via the user-friendly web interface, HiWEB. Co-Is will plan 
observation sequences with HiPLAN, and instrument commands generated by HiCOMMAND will be sent to the 
secure Science Operations and Planning Computer (SOPC) for uplink to the spacecraft. Images returned from the 
spacecraft flow back through the downlink organizer (HiCAT) and are stored in the HiCAT database via a dedicated 
line to the MRO Operations Center at JPL. The images are processed by the HiPROC procedure and checked by 
student validators and others to verify processing results. The processed and validated images will be made available 
to scientists through HiWEB.  Periodic deliveries of the HiRISE standard data products are provided to the PDS on  
hard media.  
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Image Processing: The goal of the data proc-
essing system is to provide timely access to the imag-
ing and to keep up with the high volume (minimum of 
9.1 Tb)  of instrument data expected to be collected 
over the nominal two year primary science phase 
(PSP). To meet this goal HiROC will employ  auto-
mated event-driven methods  for downloading and 
processing HiRISE instrument science data. The data 
processing begins when the downlink organizer, “Hi-
DOG” (Figure 1), retrieves instrument data from the 
MRO operations center at JPL and delivers it to Hi-
CAT. “HiPROC,” the automated processing engine, 
will decompress the data if compressed by the onboard 
FELICS compressor [4], perform radiometric and 
geometric processing, and format data products accord-
ing to PDS standards [5]. 
    Raw spacecraft images (EDRs) will be created 
within days of the telemetry reaching the ground. The 
output of each CCD detector array is stored as an indi-
vidual EDR file resulting in as many as 14 EDR files 
per observation depending on how many CCD detec-
tors were commanded to operate. Data processing staff 
will visually validate the EDR products to identify 
problem images and potential instrument performance 
problems. 
    The radiometric calibration process normalizes for 
global camera operational modes, corrects for the vari-
able sensitivity across the CCD detector arrays, and 
converts pixel values to radiometric units.  The result is 
an "ideal" image where pixel values are proportional to 
scene brightness. 
    The geometric processing applied to HiRISE imag-
ing will depend on the instrument's pixel binning 
modes [2] used in an observation. Image observations 
with no pixel binning, offering the highest resolution 
capability of the instrument, are vulnerable to the ef-
fects of spacecraft jitter requiring an analysis (see be-
low) to improve the instrument pointing history and  
model the point-spread function (PSF). 
 
    Processing on Binned Imaging: HiPROC will create 
radiometrically corrected geometrically processed im-
ages (RDRs) of the binned images within several 
weeks of data acquisition. The geometric processing 
includes correcting camera optical distortion and trans-
formation from spacecraft viewing coordinates to map 
coordinates. Because of the minimal effects from 
spacecraft jitter on binned imaging, the geometric 
processing will use the mission-produced reconstructed 
spacecraft navigation and instrument pointing data to 
model the observation's viewing geometry. Three-color 
observations are processed to create color registered 
images using the blue-green, panchromatic red, and 

NIR filter data. The RDR color products will be scaled 
to the largest binning mode used in the color observa-
tion (typically the blue-green and NIR filter imaging 
will be binned). 
 
    Processing on Full-Resolution Imaging: With the 
instrument's 1 microradian instantaneous field-of-view, 
the full-resolution (unbinned) imaging is sensitive to 
spacecraft jitter resulting from the spacecraft's reaction 
wheel rotation and other moving parts. High-frequency 
spacecraft jitter broadens the PSF and reduces spatial 
resolution.  Lower frequency spacecraft jitter distorts 
the image geometry. We have been exploring methods 
for internally characterizing the jitter effects on imag-
ing. The CCD layout on the detector array [2] allows 
for 48-pixel overlap among adjacent detectors in the 
orbit crosstrack direction. In the downtrack direction 
the CCDs are offset by different amounts ranging from 
608 (the minimum offset) to 640 lines. Ground features 
in the image data can be correlated between the 48-
pixel overlapping pairs or triplets of CCDs to charac-
terize the divergence between actual and predicted 
spacecraft motion. Based on the spacecraft jitter analy-
sis a more accurate model of the instrument pointing 
history can be constructed to improve the geometric 
processing. The high-frequency component of the jitter 
analysis is used to construct a varying PSF model 
throughout an observation. The PSF model is used to 
perform image sharpening through an adaptive PSF 
deconvolution.  
    The Integrated Software for Imagers and Spectrome-
ters (ISIS) [6] will be used for image processing and 
analysis. ISIS offers image analysis, cartographic proc-
essing and mosaicking capabilities, control to geodetic 
networks, and data archive preparation tools (see URL: 
http://wwwflag.wr.usgs.gov/isis-bin/isis.cgi). The 
HiRISE processing capabilities added to ISIS will be 
freely available to the science community through pe-
riodic distribution of ISIS, allowing scientists to per-
form specialized cartographic and image processing on 
HiRISE data at their home institutions.  

 
    Data Products: The standard data products pro-
duced by the team will be the EDR and binned RDR 
products (panchromatic and color). The standard data 
products will be made available to the general science 
community within weeks of data acquisition through 
HiWEB's data distribution capability and periodically 
delivered to NASA's permanent archiving institution. 
The standard data products do not rely on specialized 
processing techniques, such as jitter analysis and adap-
tive point-spread function deconvolution, that may 
require intensive work by an image processing analyst.  
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    Special Data Products: The special data products 
produced by the team will include full-resolution RDR 
products (panchromatic and color) and Digital Eleva-
tion Models (DEMs) generated by application of  digi-
tal photogrammetric methods applied to stereo-pair 
imaging. Special data products will be created on a 
limited basis to support landing site assessment and 
analysis of observations of special interest.  
    Full-Resolution DEMs and registered ortho-mosaics 
will be produced using a Leica commercial digital pho-
togrammetric workstation and the SOCET SET ® 
software system. The automatic terrain extraction soft-
ware uses multi-resolution area-based correlation to 
generate DEMs from stereo images in batch mode. An 
interactive process allows analysts to view images, find 
correlation errors, and edit the DEM model. For full-
resolution images the DEM models are expected to 
have horizontal resolution of ~1.5 m and vertical preci-
sion of ~0.2 meter. 
 
    PDS Delivery: The MRO Project requires instru-
ment teams to maintain an updated dataset of the best 
version of data until meaningful changes in data cali-
bration no longer occur and support the timely process-
ing and distribution of data including their final deposi-
tion to the permanent archive facility at the Planetary 

Data System (PDS) [7]. The distribution of data prod-
ucts to the PDS will be coordinated through the Pro-
ject’s Data Archive Working Group (DARWG) made 
up of representatives from the MRO project, science 
payload teams, and the PDS. The DARWG provides 
the oversight for data product preparation, acceptance, 
validation and delivery to the archive facility. PDS 
deliveries of HiRISE EDR products start 6 months 
from the beginning of PSP and 12 months for RDR 
products. Subsequent deliveries occur at 3 month inter-
vals. The later delivery schedule for RDR products is 
intended to allow the team to refine the instrument's 
radiometric and geometric camera models using in-
orbit Mars observation data. 

 
References:  [1] McEwen, A. this conference. 
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this conference. [4] Howard, P.G. and J.S. Vitter 
(1993) Proc. Data Compression Conference, J.A. 
Storer & M. Cohn, eds., Snowbird, Utah, 351-360. [5] 
Planetary Data System Standards Reference (2002) 
JPL Document D-7669. [6] Eliason, E.M. (1997) LPS 
XXVIII, 331-332. [7] McMahon, S.K. (1996) Plane-
tary and Space Sciences, 44,1, 3-11.  
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DETECTING NEAR-SURFACE WATER AND HYDRATE MINERALS ON MARS FROM A ROVER,
PENETRATOR, OR BOREHOLE:  THE HYDRA INSTRUMENT.  R. C. Elphic1, D. J. Lawrence1, W. C.
Feldman1, R. C. Wiens1, R. L. Tokar1, K. R. Moore1, T. H. Prettyman1, H. O. Funsten1, 1Los Alamos National Labo-
ratory, MS D466, NIS-1, Los Alamos, NM, 87545, USA (   relphic@lanl.gov    )

1. Introduction: One of the major goals of near
term NASA Mars exploration is to identify exact loca-
tions of near-surface water or hydrated minerals on
Mars.  Evidence for the existence of recent near-
surface water on Mars [1] underscores the need for
developing instrumentation that can identify water or
hydrated minerals very near the surface.  Further en-
couraging evidence of surface and near-surface water
and hydrate minerals on Mars comes from neutron
spectrometer measurements aboard Mars Odyssey.
Preliminary results show very large regions of high
hydrogen content poleward of 60° latitude, as well as
interesting features closer to the equator [2].  However,
spatial resolution from orbit is very poor, ~400 km.
The next logical step is to use in-situ or near-surface
investigations to map in detail some of the most inter-
esting features.  Relatively simple instrumentation
based on 3He gas proportional counters were shown to
be highly successful on the Lunar Prospector mission
in identifying even low levels of enhanced hydrogen
abundances [3,4,5].

Here we discuss “HYDRA,” a water- and hydrate-
sensing instrument currently being developed under
the NASA Mars Instrument Development Program
(MIDP).  HYDRA is based on Lunar Prospector tech-
nology, and is intended as a rover body-mounted in-
strument, or an instrument on an aerobot, penetrator,
hard lander on the surface of Mars, or for borehole
stratigraphy applications.  Our proposed instrument
would be ideal for such platforms as it would be small
(<7 cm diameter by 10 cm long), low mass (<500 g),
low power (< 1W), and have a low data volume per
measurement.  We use neutron spectrometry (a) be-
cause of its proven ability to uniquely detect and quan-
tify hydrogen abundance, and (b) because the re-
sources required by this approach (weight, power, size,
telemetry bandwidth, and measurement time) are ex-
tremely low.  This compact neutron spectrometer
package, comprised of two small 3He gas proportional
counters, offers superior sensitivity, extensive flight
heritage, and inherent ruggedness.  These tubes have
survived ~1500 g’s of acceleration in penetrator tests.

In a landed application, HYDRA would help ad-
dress many topics of interest to the Mars Exploration
and Astrobiology communities: (a) nature and origin of
stratified deposits; (b) water cycle(s) and temporal
changes; (c) early water — oceans, aquifers, precipita-
tion; (d) current extent/location/state of water; (e) polar
cap processes and temporal changes; (f) where extre-

meophiles could survive on Mars; (g) paleoclimate —
surface signatures and modeling; (h) stategies for fu-
ture Mars exploration.

2. Science Background: Liquid water is consid-
ered to be fundamentally important for the genesis,
nurture and sustenance of life.  Evidence is mounting
that Mars still has near-surface groundwater activity.
Though very water-poor by terrestrial igneous stan-
dards, the SNC meteorites were found to contain
evaporite minerals suggestive of groundwater activity
within the past 1.3 Ga [6].  Further evidence has been
found in the SNC meteorites indicating that Martian
magmas carried significant amounts of water to the
surface of Mars [7].    In the last few years there has
been great interest in surface features indicative of
near-surface water [8,9,10,11,12].  Much of this inter-
est was generated by Mars Global Surveyor images of
geologically young seepage and outflow channels at-
tributed to liquid water.  The sources of these channels
were suggested to be only a few hundred meters or less
below the surface [1].

Calculations have typically shown that the region
equatorward of ~45 - 50° should be dry near the sur-
face, and regions poleward of this latitude should (and
apparently do) support near-surface ice in the present
climate [13,14].  However, other studies have sug-
gested water might also exist close to the surface near
the equator. By considering the effect of recondensa-
tion of water vapor as it diffuses to the surface, models
predicted the persistence of porous interstitial ice to
relatively shallow depths even at the equator [15].
Models are strongly dependent on the thermal inertia
of the surface material.  For particulate material (soil),
predicted depths of the steady-state ice table were as
little as ~4 m at the equator on a broad scale.  One
could easily imagine variations with terrain, thermal
inertia, etc. which might cause the depth to be even
shallower in localized regions.  On the other hand, pre-
dicted ice table depths in dense rock are 200 m or more
near the equator.

Figure 1 shows a preliminary epithermal neutron
count rate map made using data from the LANL-built
neutron spectrometer aboard Mars Odyssey.  The epi-
thermal flux is inversely related to the concentration of
hydrogen (in the form of hydrate minerals or water or
both) in the soils and rocks.  Dark blue areas are hy-
drogen rich, red and yellow areas are hydrogen poor.
The epithermal flux observed from orbit varies by a
large factor over the planet, denoting the huge range of
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water/hydrate concentrations from location to location.
According to [2], several regions can be identified in
Figure 1.  (1) the region south of -60° latitude is very
rich in hydrogen, (2) it is buried beneath a relatively
hydrogen-poor overburden, (3) the residual south polar
cap is covered by a thick layer of CO2, (4) large por-
tions of near-equatorial highlands terrain may contain
buried deposits of hydrogen-rich material, (5) the cen-
tral portion of the north polar cap extending down to
about +60° latitude is covered (in northern winter) by a
thick layer of CO2, (6) the equatorward margins of the
north polar cap extending at places down to about +45°
latitude contain buried deposits of hydrogen-rich mate-
rial.  Clearly hydrogenous materials at and near the
surface of Mars are very prevalent, and hold clues to
Mars' past history and present state.

The search for extant or fossil life on Mars will al-
most certainly concentrate on areas where abundant
water is or was present.  The identification of sedi-
mentary rocks and in particular, hydrous minerals is of
great importance for the astrobiology program.  How-
ever, our experience so far shows that such an identifi-
cation is not a simple task.  The orbiting Thermal
Emission Spectrometer (TES) found evidence for
abundant, large-grained hematite in the Sinus Merid-
iani region [16], suggesting again that liquid water
existed at some point on the surface of Mars.  How-
ever, there is no evidence of hydrated minerals in the

TES spectra.  Unfortunately, actual hydrated minerals
are very unlikely to be found close enough to the sur-
face to be revealed by imaging techniques, given the
desiccating effect of the Mars atmosphere and the re-
active nature of the Martian soil [17].  Thus, the very
minerals of greatest interest (as well as water) will
most likely be found only at some depth below the
surface.  The best way to identify them directly is to
drill for them.  However, drilling is highly energy- and
time-intensive.  It is absolutely essential to know a
priori where to drill.

An ultracompact neutron spectrometer is the per-
fect tool to determine the presence of buried hydrate
minerals, or water at presently accessible depths, as its
depth range is approximately 1 m.

3. Feasibility of Using Neutrons for Water and
Hydrate Detection:  Planetary neutron spectrometry is
most easily carried out on airless or nearly airless
bodies because of the large numbers of neutrons that
are produced at the surface by energetic galactic cos-
mic rays (GCR).  Specifically, when a planetary body
has no or a very thin atmosphere, galactic cosmic rays
constantly impinge on the surface and produce high-
energy neutrons (~10 MeV) through nuclear charge-
exchange, knock-on, and spallation reactions.  The
high-energy neutrons can lose energy either by elasti-
cally or inelastically scattering in the planetary mate-
rial or they can be absorbed by neutron capture reac-

Fig. 1.  Mars Odyssey epithermal count rate map for late northern winter at Mars.  Low (blue) count rates cor-
respond to regions rich in hydrogen (water), and high (red) count rates denote regions of reduced hydrogen
content.  Numbers are discussed in the text (see Feldman et al., this conference).
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tions.  As demonstrated by various simulations and
measurements [18,19,20], an equilibrium neutron flux
develops which covers over nine orders of magnitude
in energy from 0.01 eV to 10 MeV. The equilibrium
neutron leakage flux out of the surface is naturally di-
vided into three energy bands: thermal neutrons (E =
0.01 – 0.4 eV), epithermal neutrons (E = 0.4 eV – 0.5
MeV) and fast neutrons (E ~ 0.5 – 10 MeV).  For
thermal neutrons the dominant reaction is neutron
capture and for epithermal neutrons the dominant re-
action is energy loss (moderation) from elastic and
inelastic scattering.  In the presence of hydrogen (i.e.,
hydrated minerals or water), elastic scattering is an
extremely efficient energy loss mechanism for epi-
thermal neutrons. Enhanced hydrogen abundances lead
to a large decrease (up to nearly two orders of magni-
tude) of the epithermal neutron flux from otherwise
dry soil.   Second-order epithermal flux variations can
be caused by neutron capture reactions, but are tracked
with the thermal neutron flux which is dominated by
the neutron capture reactions.

The technique of using thermal and epithermal
neutrons to detect hydrogen abundances on a planetary
surface was first demonstrated with the Lunar Pros-
pector Neutron Spectrometer (LP-NS) [3].  Orbital
neutron spectrometers are also being used to measure
hydrogen abundances on Mars (Mars Odyssey 2001),
Mercury (MESSENGER), and the main belt asteroids
Vesta and Ceres (DAWN).  The LP-NS used two 3He
gas proportional counters to measure thermal and epi-
thermal neutrons.  A 3He proportional counter works
by unambiguously identifying the 765 keV reaction
products that are emitted when a neutron is absorbed in
the 3He gas.  One counter is wrapped in 0.63
mm of Cd and is sensitive only to epithermal
neutrons (Cd absorbs all neutrons having en-
ergies less than about 0.4 eV).  The other
counter is wrapped in 0.63 mm of Sn and is
sensitive to both thermal and epithermal neu-
trons [21].  The epithermal neutron flux is
obtained by measuring the count rate in the
Cd covered counter and the thermal neutron
flux is obtained by measuring the count rate
difference between the Sn and Cd covered
detectors.  While each 3He tube of the LP-NS
was relatively large (5.7 cm diameter by 20
cm length), the physics of thermal and epi-
thermal neutrons permits their detection by
very small packages.  3He proportional count-
ers are routinely made quite small (1.2 cm
diameter by 4 cm long) while retaining very
simple operational characteristics.  For these
reasons, 3He counters make ideal instruments

for use on a rover, penetrator, or other landed Mars
application.

3.1 Feasibility of HYDRA on a Rover or Lander:
We have carried out Monte Carlo simulations using
MCNPX to determine the neutron signal levels that
would be measured by HYDRA over soils of various
water contents and at various depths.   The MCNPX
simulations were carried out for bare Cd and Sn tubes
at the soil surface, and for tubes mounted on a rover
[22].  The rover is simulated as a 150 kg mass
50x50x50cm in size, consisting of 90% Al and 10%
PC board material (60% fiberglass, 40% epoxy).  The
soil composition was average Pathfinder soil [23].
The 3He tube sizes for these simulations were 1 cm
diameter by 16 cm long.  Figure 2 shows the count rate
(per minute) of the Cd-covered epithermal neutron
detector as a function of both H2O content and depth of
burial of the water. Note first of all that the count rates
are substantial, showing that cosmic rays are clearly a
sufficient source for neutrons even with a very small
detector.  The top curve shows that even a 1% H2O
content buried beneath 70 cm of desiccated soil still
shows a 10% reduction in the epithermal count rate.
Higher water contents at shallower depths produce
very marked reductions in count rate.  Above ~20 wt%
H2O the sensitivity to actual water concentration satu-
rates.  Moreover, from epithermal fluxes alone it is not
possible to distinguish between a higher concentration
of water buried at a greater depth, or a lower concen-
tration buried at a shallow depth.  However, the ther-
mal neutrons (not shown) also respond to the presence
of buried water, and help remove the ambiguity.  In
any case, the HYDRA instrument serves as an effec-
tive prospecting tool for rapidly and simply locating
hydrates or buried water to depths of many tens of

Figure 2.  Epithermal neutron count rate for a Cd-covered 3He tube
carried by a rover over buried deposits of different water wt% and
burial depths. [22]
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centimeters even when the compact instrument is
body-mounted on a rover platform.

Rovers or landers powered by an RTG actually en-
hance HYDRA’s water-detection capabilities in the
near-surface regions.  An RTG provides a steady
source of fast (~1 MeV) neutrons which penetrate the
soil and are moderated by the hydrogen there [24].
Simulations confirm that HYDRA will perform very
efficiently in such a configuration, which is promising
for future exploration scenarios.

3.2  Feasibility of HYDRA for a Down-Hole Appli-
cation:  HYDRA can be a very sensitive and accurate
means of obtaining a depth profile of water, water ice
or hydrate minerals.  Simulations have been run of the
expected epithermal and thermal count rates as a func-
tion of depth for several different burial scenarios [25].
Figure 3 shows one set of results:  three cases of a
layer of 19wt% H2O about 15 cm thick centered at
roughly 17 cm depth, 23 cm depth, and 47 cm depth
(all assuming a soil density of 2 g/cm3), and an unlay-
ered soil having 1wt% H2O (short dashed lines).  Both
thermal and epithermal neutron count rates are shown
assuming 3He tube dimensions of 1 cm x 16 cm and a
tube pressure of 10 atm.  The thermal neutron count
rate (upper left) goes up within the water-rich layer
because thermal neutrons are wicked up from neigh-
boring hydrogen-poor materials owing to the reduced
scattering length in the hydrogen-rich layer.  The epi-
thermal count rates (upper right) drop within the layer
because these neutrons are rapidly being downscat-
tered out of the epithermal energy range.  Finally, the
ratio of thermal to epithermal count rates (lower left)

provides a very clear and unambiguous indicator of the
depth, thickness, and water abundance in the layer.
Consequently, a HYDRA se nsor (configured to fit
within a drill string segment) placed down a borehole
can obtain a depth profile, a stratigraphic sequence of
where wet and dry layers are found.  This information
is useful for sample extraction, providing both a strati-
graphic context and promising locations for sample
collection. Note that the neutron count rates shown in
Figure 3 assume only cosmic rays as the source of
neutrons; there is no need for the instrument to carry a
neutron generator.  In fact, cosmic rays will provide
sufficient neutron count rates for useful measurements
down to nearly 10 m.  HYDRA also lends itself to use
with an RTG-powered lander and drill [24].

HYDRA on a rover provides 2-dimensional near-
sub-surface water and hydrate prospecting, while
HYDRA in the borehole application provides the third
dimension of depth.
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Summary: Initial results from a new model for the 

emissivity and reflectivity of the martian seasonal caps 
represented as porous slabs are described. The radia-
tive transfer modeling is linked to a physically based 
model of CO2 frost metamorphism. Besides Mars, this 
coupled radiative transfer/sintering model is applicable 
to other Solar System bodies where slab-like volatile 
deposits are likely to be present, including Triton, 
Pluto, and Io. 

Introduction: There is abundant evidence that 
large portions of the seasonal CO2 deposits in the polar 
regions of Mars form a solid slab rather than a fluffy 
frost.  The presence of low-porosity slabs of solid CO2 
was indicated by the early spectroscopic measurements 
of the caps that suggested long (on the order of 10 cm) 
path lengths in the 1.5-µm absorption band of solid 
CO2 [1,2]. Unusually long spectroscopic path lengths 
for portions of the seasonal caps were subsequently 
inferred from later observations [3,4]. Viking images 
[5] revealed that the southern residual cap could be 
distinguished when the seasonal frost was present and 
that it was always brighter than the brightest areas in 
the seasonal cap, thus strongly arguing for some degree 
of transparency in the seasonal deposits. With partially 
transparent seasonal caps, the albedo contrast between 
the northern and southern residual caps, invoked to 
explain the compositional dichotomy between the re-
sidual caps (H2O in the north, CO2 in the south) [6] 
could reside in the residual caps. This would make the 
albedo contrast permanent, whereas in the alternative 
hypothesis of dust contamination of the overlying sea-
sonal deposits the contrast would be sporadic (e.g., 
related to the occurrence of dust storms). Furthermore, 
the penetration of sunlight through a clear CO2 layer 
would help to stabilize the compositional dichotomy 
[7]. 

The above observations and modeling results led to 
the conclusion that a semitransparent seasonal CO2 slab 
forms on Mars by pressureless sintering [8]. According 
to this model, the slab is polycrystalline and the long 
path lengths result from the elimination of voids be-
tween crystals. This densification process is driven by 
the thermodynamic requirement of minimum surface 
energy and its kinetics is determined by the material 
properties of solid CO2, crystal size, and temperature. 
In addition, circumstances specific to Mars, e.g., the 
near-absence of an inert gas, low abundance of impuri-

ties, and nearly isothermal conditions, are conducive to 
the formation of low-density CO2 deposits. These fac-
tors distinguish the CO2 frost metamorphism on Mars 
from the snow metamorphism of Earth. On the other 
hand, CO2 metamorphism on Mars has many analogs to 
the N2 frost metamorphism on Triton [9], where the 
preponderance of evidence also points out to the pres-
ence of semi-transparent seasonal deposits [10-14]. 
Interestingly, a spectacular phenomenon observed on 
Triton, the presence of active geysers and dark streaks 
apparently caused by geyser-like eruptions [15], may 
have a counterpart on Mars [16]. In both cases, a plau-
sible explanation for these features is offered by a 
solid-state greenhouse effect occurring in a slab of 
clear ice [11]. 

Since 1993, the presence of transparent slabs of 
solid CO2 and other results from the sintering model 
have been supported and/or invoked by numerous stud-
ies [17-22]. Most recently, the idea of slab-like CO2 
deposits has been supported by data obtained by in-
struments onboard the Mars Global Surveyor (MGS) 
spacecraft. In particular, a densified mean state of the 
seasonal CO2 deposits has been inferred from the 
MOLA and MGS orbital data [23], while very large 
(up to 1 meter) spectroscopic grain sizes were inferred 
from analysis of spectra obtained by the Thermal Emis-
sion Spectrometer (TES) onboard the spacecraft 
[24,25]. Slab ice can be distinguished from a porous 
layer by the shape of the 25-µm band in the TES spec-
tra, with small band depth BD25 indicative of small 
porosity.  BD25 is defined as the fractional drop in the 
measured band radiance relative to the expected black-
body radiance at the brightness temperature of adjacent 
continua [24]. Two sample TES spectra of the southern 
seasonal cap with small and large BD25 are shown in 
Figure 1. The interpretation of low values of BD25 as 
indicative of slab-like texture has strong physical basis, 
with zero BD25 corresponding to Fresnel reflection 
[24]. High BD25’s (i.e., low spectral emissivity) have 
been identified with small grain sizes [24]. In this 
work,  we will instead relate high BD25 to high poros-
ity, an interpretation supported both by experimental 
data on the emissivity of other materials in various 
stages of densification [26,27] and by new theoretical 
calculations presented below. 
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Figure 1: Examples of TES spectra of the southern 
polar cap. Circles mark spectral locations of channels 
used to define the 25-µm band (the band itself and two 
continua). The blue spectrum has low brightness tem-
peratures in the 25-µm band and corresponds to a 
highly porous deposit. The red spectrum, with a small 
BD25, corresponds to slab ice. 

 
Texture of Martian Seasonal Caps: The original 

investigation of the martian CO2 frost metamorphism 
[8] only considered densification and led to the conclu-
sion that a slab-like deposit may form on a seasonal 
timescale provided the frost is sufficiently fine-grained. 
The TES observations of a CO2 slab forming essen-
tially simultaneously with deposition in some locations 
[24], prompted an evaluation of the role played by non-
densifying mechanisms in the metamorphism of porous 
dry ice. The main conclusion from this recent work 
(and a basic premise of the present study) is that the 
seasonal CO2 deposits on Mars rapidly metamorphose 
into an impermeable slab regardless of the initial grain 
size. This occurs by the sealing off of the pore space by 
vapor transport (Kelvin effect). In addition to the TES 
observations, rapid formation of an impermeable slab 
is consistent with observations of rapid annealing of 
microcracks in laboratory samples of dry ice [28,29]. 
In the laboratory, such rapid annealing leading to the 
formation of optically clear samples is undoubtedly 
aided by the favorable geometry of the cracks (crack 
length >> crack width). In an assembly of spherical 
grains, the formation of clear samples is likely to be 
somewhat slower, but a rapid sealing off of the pore 
space can be rationalized by a consideration of the 
timescale for sintering due to the Kelvin effect [30]. 
This mechanism is driven by the difference in curva-
tures between the neck and the grain surface and stops 

when this difference becomes zero. In an assemblage 
of spherical grains, this leads to the formation of iso-
lated spherical pores, which happens when x ≈  0.3a , 
where x and a are the neck and grain diameter, respec-
tively [30]. When the rate equation for neck growth 
[30] is integrated with the material parameters for solid 
CO2 at 142 K (including a recent estimate of surface 
energy  [31]), the timescale to reach this condition is 
on the order of seconds for a = 1 µm and minutes for a 
= 10 µm. Even grains as large as 100 µm are likely to 
develop sealed-off quasi-spherical pores in a matter of 
hours. It should be emphasized that the Kelvin effect is 
a non-densifying sintering mechanism that operates in 
addition to the densifying mechanisms driven by vol-
ume and grain-boundary diffusion. Consequently, the 
slab forming by this mechanism is expected to contain 
quasi-spherical voids that then undergo slow elimina-
tion by the densifying mechanisms. This proposed tex-
ture for the martian CO2 deposits is consistent with the 
TES and other observations discussed above (in par-
ticular, the porous texture of the slab is consistent with 
the mean density of the seasonal deposits inferred from 
the MOLA data being less than the theoretical density 
of solid CO2) and it has two important consequences 
for the modeling of the physical properties of the mar-
tian seasonal frost. Firstly, the radiative properties of 
the frost (e.g., albedo and emissivity) are more prop-
erly modeled by treating radiative transfer in a slab of 
solid CO2 containing spherical voids (and other impuri-
ties such as dust grains) rather than by the usual model 
of spherical CO2 and dust grains in vacuo. In the pre-
sent study, this problem is tackled by employing the 
Mie solution for a spherical particle embedded in an 
absorbing host medium in a multiple scattering code. A 
second consequence of the impermeability of the slab 
is the formation of a thermal gradient, which will affect 
radiative properties of the slab.  

Optical Properties of Spherical Particles Em-
bedded in an Absorbing Host Medium:  As noted by 
several authors [32 and references therein], the optical 
properties of a spherical particle embedded in an ab-
sorbing host medium cannot be computed by modify-
ing the refractive indices for the particle and the me-
dium along with scaling the incident wavelength in the 
input list of the conventional Mie code. Consequently, 
Yang et al. [32] have considered the general problem 
when the refractive indices for the particle and the me-
dium have arbitrary values and we rely on their code in 
the present study. The generalized Mie code can handle 
both voids and dust particles without difficulty, al-
though a scientific debate continues about the appro-
priateness of using intrinsic or apparent single scatter-
ing properties in multiple scattering calculations [32]. 
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Radiative Transfer in a CO2 Slab Containing 
Spherical Voids and Dust Particles: The Mie solu-
tion for a spherical particle embedded in an absorbing 
medium can be applied in a multiple scattering code to 
compute the radiative properties of the martian CO2 
deposits. In this work, the publicly available DISORT 
model [33] is used for this purpose. As an example, in 
Figure 2 we show computed brightness temperatures 
for an isothermal slab of solid CO2 at T = 142 K con-
taining spherical voids with 1-µm radius (the refractive 
indices for solid CO2 are as in [29]). The choice of this 
rather small value of r is motivated by the analysis of 
TES data (see below). As can be seen in Figure 2, the 
spectrum of a highly porous dust-free slab exhibits a 
deep minimum around 25 µm, qualitatively consistent 
with the TES spectra of the cold spots (see example in 
Figure 1). As the porosity ϕ decreases due to densifica-
tion, the 25-µm band depth BD25 decreases, with the 
brightness temperatures for a nonporous slab approach-
ing the kinetic temperature. Also shown in Figure 2 are 
spectra computed when, in addition to voids, the slab is 
assumed to contain 1-µm dust particles with a frac-
tional abundance of 10-4 by volume. The dusty spectra 
have been computed using optical constants for 
palagonite [34]. In agreement with past investigations 
[22, 24], the presence of dust reduces the depth of the 
25-µm band significantly. The presence of dust is also 
required to significantly lower the slab albedo. For 
example, the solar spectral reflectivity of the pure CO2 
slab considered in Figure 2 is close to unity regardless 
of porosity (except for ϕ  0, when the slab albedo 
approaches the albedo of the underlying surface). 

While the spectra shown in Figure 2 are similar to 
the spectra computed by means of the conventional 
Mie/delta-Eddington approach [35, 22, 24] (which 
considers spherical particles in vacuo), the chief advan-
tage of the present approach is its connection to the 
microphysical model of the cap texture and, conse-
quently, its predictive capability. In particular, the pre-
sent model does not require the notion of meter-sized 
Mie boulders of solid CO2 in order to explain the low 
values of BD25 seen in the TES spectra, but instead 
relates low BD25  to low porosity. The strong porosity 
dependence of the computed BD25 suggests that the 
density evolution obtained from the sintering model 
can be coupled with the radiative transfer calculations 
to predict the evolution of BD25. To illustrate this point, 
in Figure 3 we plot the values of BD25 computed from 
the TES spectra of a narrow zonal sector at the south-
ernmost point of the MGS orbit and compare them with 
the evolution of BD25 predicted by the sintering model. 
BD25 is defined as in [24], with band and continuum 
channels given in Figure 1. The blue lines represent the 

evolution computed using the ad-hoc assumption that 
BD25  is inversely proportional to the mean distance a  
between scattering centers and that a  is, on dimen-
sional grounds, on the order of the ratio (vol-
ume)/(internal pore surface area). In the sintering 
model, this ratio is a weakly nonlinear function of ϕ, 
with the result that BD25 ~ ϕ. Note that the strong 1/r3-4 

dependence of the densification rate on the grain/void 
radius [8] provides a stringent constraint on the 
grain/void size consistent with a seasonal densification 
timescale. When the volume diffusion coefficient Dv, 
inferred from NMR measurements [36] is used in the 
densification equations, the allowable grain/void size is 
reduced from 10 to about 1 µm as a consequence of a 
larger activation energy for Dv than assumed previously 
[8]. This constraint is also of great value in computing 
the optical properties of the slab. The black and red 
lines in Figure 3 represent results from the proposed 
more rigorous approach to the modeling of BD25, in 
which the evolution of ϕ computed for r = 1 µm is used 
to predict the evolution of optical depths and single 
scattering properties used by the DISORT model. Both 
dust-free and dusty calculations (as in Figure 2) are 
presented in Figure 3. For the particular case shown in 
Figure 3, the computed evolution of BD25 is quite dif-
ferent from observations when dust is neglected, but 
even in this case the proposed model is capable of re-
producing the end-member cases of high and low BD25 
for high and low porosity, respectively. The inclusion 
of 10-4 by volume of dust lowers the computed BD25 
and improves the agreement with observations (except 
for the drop in the computed BD25 near t = 100 sols). 

 
Figure 2: Black curves: spectra of a meter-thick slab of 
solid CO2 containing spherical voids with radius 1 µm. 
The curves are labeled by the value of porosity. These 
spectra have been computed assuming isothermal con-
ditions at T = 142 K. The red lines show corresponding 
spectra when in addition to voids the slab contains 1-
µm dust particles with an abundance of 10-4 by volume. 
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Figure 3: Evolution of BD25 in the zonal band 30-40°W 
in the southern polar ring during the first southern win-
ter of the MGS mapping phase (time is counted from Ls 
= 107°). Black dots represent individual spectra. The 
blue curves represent evolutions of BD25 computed 
using the assumption BD25 ~ ϕ. The black and red 
curves represent the evolution of BD25 computed by 
coupling the evolution of ϕ to radiative transfer calcu-
lations (the black and red curves correspond to dust-
free and dusty slabs, respectively). The curves are la-
beled by the assumed void size r in the sintering model. 

 In the future, several important factors not consid-
ered in the preliminary analysis presented above should 
be included, some of which could improve the agree-
ment between the proposed model and observations:  

• In the above calculations, the slab thickness 
has been assumed constant at L = 1 m. In reality, the 
slab thickness will change in the course of a season as a 
result of condensation, densification, and sublimation. 
In future work, a more realistic approach could be 
adopted, in which L is constrained by the MOLA data 
(such as Fig. 2 in [23]). The use of a realistic evolution 
of L might necessitate a consideration of a non-
homogeneous density distribution with depth (with 
younger frosts being fluffier than older deposits). 
Deposition of fresh frost is likely to reduce the sharp 
drop in the computed BD25 seen in Figure 3. 

• As mentioned above, the void size r strongly 
affects densification rate. The value of r consistent with 
observed evolution of BD25 is dependent on the 
adopted value for the volume diffusion coefficient Dv 
and the sensitivity of the estimated r to the measure-
ment uncertainties in Dv [36], as well as possible 
changes in r in the course of the densification process 
need to be evaluated. 

• The sealing-off of the pore space will lead to 
the formation of a thermal gradient. This will affect 

radiative transfer in the slab, both directly and by in-
creasing the void size consistent with seasonal densifi-
cation (with the concomitant effect on the optical 
properties of the slab). 

Implications: The new model presented herein will 
aid in the analysis of data from instruments employing 
both remote (visible, infrared, radar) and in situ (e.g., 
drilling) technology. For example, the model of CO2 
surface emissivity could constrain retrievals from na-
dir-looking IR-sounders over the martian polar regions, 
in a somewhat analogous manner as models of ocean 
IR emissivity provide the a prori information for re-
trievals from terrestrial infrared sounders. Moreover, 
since the radiative properties of the CO2 deposits exert 
a strong control on the martian atmosphere, the new 
model is relevant to meteorological and climate studies 
of Mars.   
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SPECTRAL AND CHEMICAL CHARACTERISTICS OF LAKE SUPERIOR BANDED IRON
FORMATION: ANALOG FOR MARTIAN HEMATITE OUTCROPS.  Alicia Fallacaro1 and Wendy Calvin1,
1University of Nevada, Reno.

Introduction:  Lake Superior iron formation
serves as an analog to the gray, crystalline hematite on
Mars discovered by the Thermal Emission Spec-
trometer (TES) [1].  Spatial analyses of the hematite
sites at Sinus Meridiani, Aram Chaos, and Valles
Marineris suggest that the hematite exists within a
stratigraphic layer, and is of a sedimentary nature [2].
These sites are not associated with volcanic activity
due to the lack of volcanic features such as lava flows
and fissures.  One of the formation mechanisms for
crystalline, gray hematite is through precipitation of
ferric oxides in Fe-rich waters as in terrestrial banded
iron formation (BIF). Increased hydration signatures in
Mariner 6 and 7 data of the Meridiani and Aram Chaos
sites also supports an aqueous formation mechanism
[3]. Subsequent burial metamorphism would crystal-
lize the deposit.

Banded iron formations across the globe are
similar in their chemistry and mineralogy, however the
Huronian age (1.8Ga) Lake Superior Type (LST) BIF
differs from the majority based on its origin [4-6].
While most BIF is associated with volcanic activity,
for example the Hamersley and Transvaal Basins, the
LST iron districts are not.  Gross (1983) illustrated the
origin differences using North American BIF and clas-
sifying the Algoma and Lake Superior types.  Algoma
type BIF is in close proximity to volcanic centers and
suggests a sub-aqueous hydrothermal origin similar to
modern day sea-floor spreading.  Lake Superior Type
BIF retains many of its sedimentary features, such as
ripple marks and ooliths, which suggests deposition in
a a near-shore shelf like environment.

Figure 1. Taken from Gross, 1983 illustrating the dif-
ferences in geological environments of deposition
between Algoma and Lake Superior Type BIF.

Lake Superior Type BIF consists of four facies:
sulfide, carbonate, silicate, and oxide [7].  The oxide

facies is composed of magnetite and several forms of
gray, crystalline hematite.  The hematite occurs as dis-
tinct, thin bands alternating with chert bands in typical
BIF structure, and in a more metamorphosed state as
bulk, crystalline hematite with a schistose texture.
Samples of both types have been collected in the
Marquette and Gogebic iron districts of northern
Michigan. We have also collected samples from the
silicate and carbonate facies and are in the process of
identiying minerals and spectral features in those sam-
ples. Samples were measured for their spectral reflec-
tance and thermal emittance in the laboratory to char-
acterize their spectral properties, and thin sections
have been acquired to help constrain the mineralogy.
Spectra are re-sampled to TES and mini-TES resolu-
tion for direct comparison.

Spectra: TES identified gray, crystalline hematite
based on its oxide features at 300, 450, and 525cm-1

[1].  Lane et al., 2002 looked at the spectra of gray,
crystalline hematite in which the grains were oriented
in a schistose texture, and illustrated the presence of a
weaker 390cm-1 in emission spectra of non c-faces of
hematite crystals.  Emission spectra from the c-faces
themselves do not have a 390cm-1 band, and match the

Figure 2. Regional map of northern Michigan, showing
the Marquette and Gogebic iron districts in red.
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TES spectra.  This suggests the presence of oriented
grains in the martian hematite outcrops.  Recently,
Glotch et al., 2003 [9] studied the effects of precursory
mineralogy on hematite spectra and concluded that
goethite (FeOOH) that has been dehydroxylated to
form hematite (Fe2O3) provides the best match to the
Sinus Meridiani (SM) hematite spectra.  This is one
possible formation mechanism among synthetic sam-
ples.

Our samples were measured in VNIR/SWIR region
by an ASD field spectrometer at the Arthur Brant
Laboratory for Exploration Geophysics at the Univer-
sity of Nevada, Reno.  The emission spectra were ac-
quired with a Nicolet Nexus 670 FTIR interferometric
spectrometer at 4cm-1 resolution at Arizona State Uni-
versity [10].

Oxide samples.  As noted above, the oxide facies
consists mainly of hematite with minor magnetite. The
thinly banded hematite that occurs in typical banded
iron structure has distinct minima in the VNIR region
at 0.65 and 0.85µm.  In the TIR, this hematite shows
emission minima at approximately, 300, 465, and
550cm-1, matching the SM hematite. 

The more metamorphosed hematite with the schis-
tose texture does not show distinct hematite features in
the VNIR region.  It does however exhibit the same
hematite oxide features in the TIR as the banded
hematite.  These features are two to three times
stronger in the schistose samples than in the banded
samples.  The lack of features in the VNIR region
could be due to a substantial amount of magnetite in
the sample. 

 

Figure 3. Field photo illustrating gray, crystalline
hematite in typical banded iron formation structure.
The red bands are chert.

Figure 4. Field photo illustrating more metamor-
phosed crystalline hematite with a schistose texture.

The magnetite samples have a typical featureless
spectrum in the VNIR/SWIR. The TIR spectra are
dominated by quartz features most likely from the fine
grained chert throughout the sample.  Petrographic
analysis should reveal how much quartz/chert is pres-
ent in the sample.    

Carbonate samples.  The carbonate facies of
banded iron formation consists of  alternating bands of
siderite and chert.  The VNIR/SWIR spectra of these
samples typically do not show any distinct carbonate
features in the 2.3 to 2.5µm range, or at most have a
weak feature at 2.3µm.  They do have broad 1µm
bands indicating the ferrous iron component of siderite
(FeCO3).  One sample shows weak carbonate features
in the TIR at 7 and 11.3µm.  The geochemical analysis
to determine how much carbonate is present will be
presented at the meeting.

Silicate Sample. The VNIR/SWIR spectra of the
silicate sample resembles many of the magnesium
(Mg) endmember serpentines [11]. However, the low
albedo (10%), and the narrow 0.7µm feature indicate a
high iron content.  

The TIR spectra of the silicate facies exhibit a
500cm-1 feature common to many of the Mg endmem-
ber serpentines such as clinochore and lizardite, but
lack a 600cm-1 feature characteristic of these minerals.
The features between 1000 and 900cm-1 are consistent
with the Mg endmember amesite.  An odd feature at
1220cm-1 has not yet been identified.  XRD and pet-
rographic analysis will help identify the mineral com-
position and will be presented at the meeting.

Resampling.  All sample spectra will be resampled
to TES and mini-TES resolution using a gaussian con-
volution approach.  At TES resolution, a direct com-
parison can be made between the SM hematite spectra,
and the hematite spectra from the oxide facies of LST
BIF.  Mini-TES resolution will provide insight for

Sixth International Conference on Mars (2003) 3067.pdf



observations made by the Mars Exploration Rover
(MER) at the SM landing  site.  Samples from the car-
bonate and silicate facies are examples of possible
auxiliary minerals for the martian hematite sites.  This
spectral data will help constrain the combination of
features, identifiable by MER that will be indicative of
a BIF like process on Mars.

Figure 5. VNIR/SWIR spectra of (a) schistose
hematite, (b) typical banded hematite, (c) carbonate,
(d) silicate, (e)magnetite.

Figure 6.  TIR spectra of (a) schistose hema-
tite, (b) typical banded hematite, (c) carbonate, (d)
silicate, (e) magnetite.

Geochemistry: Thin sections have been acquired
of the samples in order to further constrain the miner-
alogy.  Sample textures should provide further clues to
the nature of origin.  Electron microprobe and XRD
analyses will also be done to obtain elemental percent-
ages that can be related to specific mineral species.
These results will be  presented at the meeting.

Mars Exploration Rovers:  Instruments onboard
the MER will examine the SM hematite deposit for
composition and texture at a much finer spatial scale.
Data from the Mossbauer spectromer, mini-TES,
APXS, and the microscopic imager can be directly
compared to our hand samples in order to constrain an
origin of the SM hematite. 

References: [1] Christensen et al. (2000) JGR,
105, E4, 9623-9642.  [2] Christensen et al. (2000)
JGR,106,E10, 23,873-23,885.  [3] Baldridge and Cal-
vin (2003) in press.  [4]  Gross (1983) Precambrian
Research, 20, 171-187.  [5]  Trendall (1968) Geol.
Soc. Am. Bull., 79, 1527-1544.  [6]  Trendall (2002)
Spec. Pub. #33 Int. Assoc. Sedimentol., 33-66.  [7]
James (1954) Econ.Geology, 49, 235-293.  [8]  Lane et
al. (2002) JGR, 107, E12, 9-1 – 9-15.  [9]  Glotch et al.
(2003)  LPS XXXIV, Abstract #2008.  [10] Thanks to
Alice Baldridge for her assistance in acquiring spectra.
[11] Calvin and King (1997) Meteoritcs & Plan. Sci.,
32, 693-701.
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THEMIS OBSERVATIONS OF PITTED CONES IN ACIDALIA PLANITIA AND CYDONIA MENSAE.  
W. H. Farrand1 and L. R. Gaddis2, 1Space Science Institute, 3100 Marine St., Suite A353, Boulder, CO 80303, far-
rand@colorado.edu, 2U.S. Geological Survey, Flagstaff, AZ. 

 
 
Introduction:  Analysis of Viking imagery re-

vealed the presence of large numbers of pitted or cra-
tered cones in the northern plains of Mars with the 
highest concentrations occurring in eastern Acidalia 
Planitia and Cydonia Mensae [1-3].  Based largely on 
crater/cone diameter ratio comparisons, these features 
were hypothesized as being analogous to terrestrial 
pseudocraters (rootless cones) [1-2] such as occur in 
the Lake Myvatn region of Iceland [4].  Doubts re-
mained about this connection given the disparity in 
mean diameters between these Martian features (mean 
diameter of ~600 m [2]) and the Icelandic rootless 
cones (mean diameter of ~ 50 m [5]).  Recent analysis 
of MOC Narrow Angle camera images of Elysium 
Planitia, Amazonis Planitia and elsewhere have re-
vealed another class of features with diameters com-
mensurate with the Icelandic rootless cones [5, 6].  If 
the features in Acidalia and Cydonia are not rootless 
cones, what are they?  Recent information on the 
thermophysical properties of these features as provided 
by the Mars Odyssey THEMIS instrument may help to 
answer this question. 

Geologic Setting:  Much of Acidalia has been 
mapped as being covered by the Vastitas Borealis 
Formation (VBF); the mottled member and knobby 
member of which were tentatively interpreted as being 
volcanic in origin [7].  Features in Acidalia have been 
interpreted as being analogous to features formed by 
the interaction of volcanoes and ice sheets: tuyas and 
moberg hills [8,9].  Recently, the VBF has been rein-
terpreted as the sedimentary residue left from the 
deposition of sediments and sublimation of water de-
posited from outflow channels to the south [10].  
While there are numerous pitted cones within the 
VBF, they also occur beyond its boundaries.  For ex-
ample, the present investigation examines numerous 
pitted cones within Cydonia Mensae which lies outside 
the mapped boundaries of the VBF.  The VBF is Hes-
perian in age and is overlain in central Acidalia by a 
member of the Amazonian-aged Arcadia formation.  
Acidalia also hosts numerous mesas which have been 
alternatively interpreted as tuyas [8,9] or as erosional 
remnants of younger overburden sediments.  There are 
instances where these mesas partially overlie pitted 
cones.  An example of such an occurrence is provided 
in Figure 1. 

Observations:  The spectral emittance characteris-
tics of the regional deposits that serve as substrates for 
these pitted cones in Acidalia have been examined 

with TES data [11].  Earlier analyses with TES have 
identified Acidalia as the type locale for the �Surface 
Type 2� (ST2) dark region cover type [12].  The ST2 
spectral signature was originally interpreted as being 
produced by volcanic products of basaltic andesite to 
andesite in composition [12].  It has since been sug-
gested to also be explainable as being caused by 
weathered basalt [13], a higher glass component [14], 
and palagonite coatings [15].  Analyses by [11] and 
[16] have indicated that Acidalia has higher fractions 
of basaltic glass than does the Surface Type 1 type 
region of Syrtis Major.  Higher basaltic glass fractions 
would be consistent with extensive ice-magma interac-
tions in Acidalia.  

THEMIS multispectral infrared and single band 
visible information was analyzed in this investigation.  
THEMIS provides 10 Mid-Wave Infrared (MWIR) 
bands, one of which is in an atmospheric absorption.   
THEMIS also has a 5 band visible to very near infra-
red imaging system.  Some residual problems remain 
with some of the THEMIS bands; however, gross 
spectral differences can be determined.  The system is 
very effective at determining thermophysical proper-
ties of the surface.  Nighttime brightness temperature 
images can be used as a proxy for thermal inertia [17].  
The locations of the THEMIS scenes discussed here 
are indicated in Figure 2. 

Using THEMIS to help determine thermophysical 
properties of the pitted cones in Acidalia is demon-
strated in Figure 3, a daytime THEMIS image, and 
Figure 4, a nighttime brightness temperature THEMIS 
image over approximately the same region in eastern 
Acidalia very near the border with Cydonia.  In the 
image acquired in the day, the pitted cones appear 
bright.  Because they have positive relief the slopes 
facing the solar illumination are especially bright (in-
dicating warmest temperatures).  In the night image, 
the pitted cones are very dark.  Dark signatures in the 
brightness temperature image suggests that the cones 
have a low thermal inertia, and that they are composed 
of, or mantled by, fine-grained materials. 

The east-central Acidalia nighttime brightness tem-
perature image I03390003 (which, at the time of the 
writing of this abstract, does not have an overlapping 
daytime THEMIS image) shows remarkable tem-
perature differences both between dark spots (likely 
pitted cones) and the background and among very 
bright, irregularly shaped, flow-like features on the 
surface (Figure 5).  Irregularly shaped flow-like fea-
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tures are also apparent in daytime THEMIS images 
(Figure 6) in which they appear dark.  The nature of 
these flow-like surface units remains to be determined.  
However, the fact that they are bright in nighttime 
brightness temperature images and dark in daytime 
images indicates that they consist of materials which 
have higher thermal inertia than the surroundings.  
Also, their apparent proximity to units with pitted 
cones suggests that their presence  may have bearing 
on the origin of the pitted cones. 

Interpretation:  The inferred low thermal inertia 
of the pitted cones is an important clue to their nature.  
Their apparent low thermal inertia values provide evi-
dence against their possible origin as rootless cones.  
Rootless cones consist mainly of coarse scoria, are 
often capped by spatter, and have finer material ad-
mixed with scoria blocks on the outer apron [5].  Such 
spatter and scoria blocks are materials with high ther-
mal inertias.  Cinder cones are also formed from 
coarse scoria which would be higher in thermal inertia 
than the observed pitted cones.  Tuff cones consist of 
cemented palagonite tuffs which also should produce a 
relatively high thermal inertia signature.  Neither ori-
gin as rootless cones nor as cinder cones explains the 
inferred low thermal values of the pitted cones in Aci-
dalia.  These pitted cones have also been hypothesized 
as being pingoes or mud volcanoes [18].  Both of these 
landforms are commonly composed of fine grained, 
poorly to semi-indurated materials which would be 
consistent with the thermal inertia observations.  The 
presence of the flow-like surface units may be suppor-
tive of the mud volcano origin; however, the flow-like 
units have not been observed to emanate from any 
pitted cones.  Alternatively, the conundrum of mesas 
partially overlying some cones (Figure 1) might be 
evidence that the features are pingos.  Pingos are ice 
cored domes.  Domes of ice have the internal integrity 
to withstand burial and exhumation.  Sublimation of 
the ice after exhumation would leave a crater and a 
mantle of the low thermal inertia sediments (which had 
been admixed with the ice). 
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Figure 1. Subsection of MOC narrow angle camera 
image m1500479.  The rightmost of three pitted cones 
at the bottom of this image is partially overlain by a 
mesa. Resolution is 4.63 m/pixel.  
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Figure 2. MOC wide angle camera mosaic of central 
to east Acidalia and Cydonia. Red dots indicate nomi-
nal centers of THEMIS scenes shown in Figures 3 �6. 
 
 

 
Figure 3. Subsection of THEMIS daytime scene 
I01461009 band 8, 5, 3 composite.  Arrows point to 
pitted cones.  Fresh impact craters with blocky ejecta 
have dark halos in this image.  Solar illumination is 
from the lower left.  North is towards the top.  Resolu-
tion of the MWIR THEMIS images shown here is 100 
m/pixel.  THEMIS images show here are 304 to 320 
pixels (30.4 to 32 km) in width. 
 

 
Figure 4. Subsection of nighttime THEMIS brightness 
temperature image for scene I01692010 covering ap-
proximately the same area as in Figure 1.  Arrows 
point to pitted cones which are very dark indicating 
low thermal inertia.  In contrast blocky ejecta near 
fresh impact craters are bright in this image. 
 
 

Sixth International Conference on Mars (2003) 3094.pdf



 
Figure 5. Subsection of nighttime THEMIS image 
I03390003 showing marked contrast in temperature 
between dark spots in lower portion of image (as-
sumed pitted cones) and background and among ir-
regularly shaped surface units in upper portion of im-
age. 
 

 
Figure 6. Dark flow-like surface unit in central Acida-
lia.  The unit is bounded in its upper center portion by 
grooves and is overlain on the lower left by a field of 
pitted cones.  Image is a subsection of a band 8, 5, 3 
composite of THEMIS scene I03284002. 
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THE GLOBAL DISTRIBUTION OF NEAR-SURFACE HYDROGEN ON MARS. W.C. Feldman1, T.H.
Prettyman1, W.V. Boynton2, S.W. Squyres3, D.L. Bish1, R.C. Elphic1, H.O. Funsten1, D.J. Lawrence1, S.
Maurice4, K.R. Moore1, R.L. Tokar1, D.T. Vaniman1, 1Los Alamos National Laboratory (Los Alamos NM
87545 USA; wfeldman@lanl.gov), 2Lunar and Planetary Laboratory (University of Arizona, Tucson, AZ),
3Cornell University (Ithaca, NY), 4Observatoire, Midi-Pyrenees (Toulouse, France)

1. Introduction:   Prime objectives of the neutron
spectrometer (NS) component of the Gamma-Ray
Spectrometer suite of instruments aboard Mars Odys-
sey are to identify the major reservoirs of hydrogen on
Mars, determine their relative contributions to its total
water inventory, and estimate the portion of the current
inventory that is near the surface.   Although more
information is required than is currently available,
epithermal neutron currents alone can provide a sig-
nificant lower bound of hydrogen abundances on Mars.

Observations from Viking 1, Viking 2, and Mars
Pathfinder positively identified two of these reservoirs.
By far the largest near-surface reservoir is comprised
of the two residual polar caps, which together are suf-
ficient to cover Mars with a global ocean about 30 m
deep [1, 2].   The second is contained in the atmos-
phere, which if deposited on the surface, would cover
Mars with a thin film of water about 10-5 m deep [3].
Although negligible in comparison, the fact that an
atmospheric reservoir exists shows that it can provide a
conduit that couples transient reservoirs of near-
surface water ice [4,5].

It has long been speculated that Mars has had, and
may still retain, a far larger reservoir of water.   Topo-
graphic features such as rampart craters, collapsed
chaotic terrain, massive outflow channels, and valley
networks provide strong support for the past existence
of large bodies of surface water [6,1,7,8].   Measure-
ments of the areal size and depth of all paleo-water and
volcanic features led to an estimate of a total water
inventory equivalent to a global ocean that was be-
tween 100 and 500 m thick [1].   Measurements of the
D/H ratio have allowed predictions that between 5 and
50 m of this inventory was lost to space
[9,10,11,12,13].   Altogether, these estimates lead to
between 20 and 465 m of water from the juvenile
Martian inventory that is not accounted for.

First analyses of Mars Odyssey neutron and
gamma-ray data showed that reservoirs of hydrogen do
indeed exist poleward of about ±50o latitude
[14,15,16,17].   Mars Odyssey neutron observations
also revealed a near equatorial hydrogen reservoir [15]
that maximizes in Arabia Terra and its antipode. Initial
quantitative estimates of hydrogen abundances in these
investigations were normalized to an assumed 1% H2O
content by mass for the Viking 1 landing site [18,19].
However, a recent analysis of the seasonal variation of
the CO2 frost cover at the north pole has allowed an
independent absolute calibration of the three neutron
energy bands measured using the NS aboard Mars Od-

yssey [20,21].   This calibration allows a reinterpreta-
tion of neutron fluxes measured globally to provide a
lower bound of the hydrogen abundance within about 1
m of the Martian surface.   A determination of true
hydrogen abundances requires knowledge of the stra-
tigraphy of hydrogen-bearing layers because the pres-
ence of an overlying relatively desiccated layer would
mask enhanced abundances of a lower layer [20,22].

2. CO2 Frost-Free Epithermal Neutron Counting
Rates:  The sensor element of the NS is a segmented
cubical block of borated plastic scintillator [23,24].
This design allows measurements of upward currents
of thermal (energies, E, less than 0.4 eV), epithermal
(0.4 eV<E<0.7 MeV) and fast (0.7<E<2 MeV) neu-
trons.   Absolute calibration of all three energy ranges
was made using counting rates measured when the
spacecraft was poleward of +85o N Latitude near LS ~
10o, when the thickness of the CO2 seasonal frost cover
at the north pole was greatest [20,21].

The connection between measured counting rates
and neutron energy distributions is made by combining
our absolute calibration with simulations of neutron
counting rates using the Monte Carlo Neutral Particle
computer code, MCNPX, fitted with a special plane-
tary boundary patch developed for Mars [21].   The
relationship between the water-equivalent hydrogen
content (WH2O) of soil having the composition meas-
ured at Mars Pathfinder [25] and the calibrated count-
ing rates (Epi) can be fit quite well (correlation coeffi-
cient, R = 0.9996) by the power law function,

WH2O = 1.31 [Epi]-1.72. (1)

A CO2 frost-free map of epithermal counting rates
constructed from the first year of mapping data is
shown in Figure 1.   Correction of all counting rates for
variations in cosmic rays, global variations in atmos-
pheric thickness, and effects of variations in the NS
high voltage were made by normalizing peak areas for
each measured spectrum to the average counts summed
over ±0.5 day when the spacecraft was equatorward of
±40o latitude [21].   Corrections were also made for
variations in atmospheric thickness due to topography
[21].

An overview of Figure 1 shows that Mars can be
separated into three domains that have very different
character.   A large spatial domain north of +50o lati-
tude is marked by very low epithermal neutron count-
ing rates.   The minimum rate surrounds the north pole
and a secondary minimum is centered at about –130o

east longitude between 65o and 70o north latitude.   The
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spatial domain of low counting rates is pinched off,
being narrowest at about –45o East Longitude in north
Acidalia.  South of –50o the map is dominated by low
counting rates in a broad ellipse with its long axis
pointing toward 110o east longitude.   At mid-latitudes
between ±50o, a mixed pattern of both low and high
counting rates exists, having minima within Arabia
Terra and its antipode.

3. Maps of Lower-Bound Estimates of Hydrogen
on Mars:  The epithermal-neutron counting-rate map
of Figure 1 was converted to lower-bound abundances
of water-equivalent hydrogen using Equation 1.   The
result is shown in Figure 2.   Two different reservoirs
are evident.   The component having large hydrogen
abundances poleward of ±50o latitude corresponds to
terrain poleward of the red-yellow wavy contour in the
top panel of Figure 2.   Although abundances in the
south range between 20% and 50% by mass, those in

the north extend to 100%.   Abundances of hydrogen
equatorward of these contours (the second reservoir)
range between 2% and 9% by mass with a most prob-
able value of 4%.

Inspection of Figure 2 reveals several striking ob-
servations.   First, the two largest discrete reservoirs at
equatorial latitudes occur at antipodal longitudes.
That in Arabia Terra is centered near the equator at 25o

east longitude, and its antipode is just below the equa-
tor at about 185o east longitude.   Both maximize be-
tween 8% and 8.5% ± 1.3% water equivalent hydro-
gen, and are bisected by the zero km elevation contour.
Relative maxima extending beyond these absolute
maxima also follow the zero-km elevation contour.
H2O weight fractions for selected mid-latitude sites are
collected in Table I.  Other observations worth noting
are that Alba Patera at +40o latitude and 115o west lon-
gitude is a relative maximum, the terrain just beyond

Figure 1.  A CO2 frost-free map of Mars.   Data south of –50o latitude were measured during the late summer in
the south, [329o<Ls<1.7o], and data north of +50o latitude were measured after the northern summer solstice,
[100o<Ls<131o]. A contour of topography at 0 km is superimposed on the Robinson map.

North
Pole

South
Pole
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the Kasei Valles and Valles Marineris outflow chan-
nels that debouch into Chryse Planatia have relatively
low hydrogen abundance, and the relative minimum
within Hellas Planitia is in its northeast sector where
most global dust storms originate.

4. Summary and Conclusions:  One year of Mars
Odyssey NS epithermal-neutron data were used to con-
struct a CO2 frost-free map of Mars.   These data pro-
vided input for a map of lower-bound water-equivalent

hydrogen concentrations within about one meter of the
Martian surface.   Two major near-surface reservoirs
are readily delineated.  One surrounds both poles ex-
tending down to about ± 50o latitude and has relatively
high-grade deposits.   The near-polar mass concentra-
tions of water-equivalent hydrogen range between 20%
and 100%.   A second mid-latitude reservoir maxi-
mizes at antipodal locations near the equator.  Water-

North
Pole

South
Pole

Figure 2.  Maps of lower-bound estimates of the water abundance on Mars. The map at mid latitudes is
given in cylindrical projection in the upper panel, that at latitudes poleward of ±45o are given in stere-
ographic projection in the lower left and right hand panels, respectively.    Contours of topography at
the –2.5 km, 0 km, +6 km and +10 km are superimposed on the cylindrical map.   Contours outlining
the extent of the water-ice polar cap in the north are superimposed on the stereographic map at the
lower left, and those outlining the residual cap (white line) and layered terrain (black line) in the south
are shown in the lower right-hand panel.

North
Pole

South
Pole
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equivalent mass concentrations in this reservoir range
between 2% and 9%.

A minimum thickness of a global covering of water
can be estimated from the lower-bound water-
equivalent hydrogen maps in Figure 2.   The results are
tabulated in Table 2.   If the thickness of these deposits
is no more than the 1m nominal detection depth, then
the total inventory of near-surface hydrogen amounts
to about a 13-cm global layer of water.   If, for exam-
ple, the deposits extend to a depth of 1 km, then the
inventory could amount to about a 130 m global layer.
Although orbital neutron data only reflect hydrogen
concentrations within about 1 m of the Martian sur-
face, they provide no constraints on how deep the de-
posits may extend.  If the foregoing 1 km depth esti-
mate applies, these deposits contain an important part
of the Martian inventory of juvenile water inferred
from geomorphic studies [1,6,8,26].
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Table 1   Water-Equivalent Hydrogen for Selected Mid-Latitude Sites
Site (Latitude, Longitude) Weight Fraction
Alba Patera (+37.5o,   -112.5o) 6.7 ± 1.0 %
Arabia (- 2.5o,     +27.5o) 8.5 ± 1.3 %
Arabia Antipode (-12.5o,     -177.5o) 8.0 ± 1.2 %
Argyre (-47.5o,       -42.5o) 2.3 ± 0.4 %
Pathfinder (+17.5o,      -32.5o) 2.7 ± 0.4 %
Sinus Meridiani (+   2.5o,      -2.5o) 6.5 ± 1.0 %
Solis Planum (-  22.5o,    -92.5o) 2.3 ± 0.4 %
Viking 1 (+ 22.5o,   - 47.5o) 2.9 ± 0.4 %
Viking 2 (+47.5o,  +132.5o) 5.7 ± 0.9 %

Table 2  Equivalent Global Thickness of Water Layer
                         ρ D ∫∫ WH2O dΩ / 4π
Latitude Band D = 1 m D = 103 m
Λ> + 45o 3.8 cm 38 m
Λ< - 45o 4.4 cm 44 m
-45o < Λ < + 45o 5.3 cm 53 m

Total 13.4 cm 134 m
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Introduction:  The importance of wind action 

among contemporary surface processes on Mars has 
become well known since the first dunes were ob-
served in spacecraft images. Wind circulation patterns 
determine the location and magnitude of sources, sinks, and 
transport pathways of particulate materials. The winds also 
dictate the morphology of aeolian features, such as yardangs 
and dunes. Because of this coupling between surface materi-
als and the atmosphere, the study of one is not complete 
without the study of the other. 

 

With the advent of mesoscale atmospheric models, the 
circulation of a small region can be examined in detail for 
the first time. These models can be used in concert with 
spacecraft data, and in particular MOC NA (Mars Orbiter 
Camera Narrow Angle) images, which provide detailed wind 
orientations at the scale of tens of meters. Comparing the two 
provides not only a verification of the mesoscale model and 
the GCM to which it is coupled, but also an understanding of 
the source of the winds that influence the surface. This in 
turn can lead to a better understanding of landscape mor-
phology and the sources and sinks of mobile material. 

Figure 1. MOC Wide Angle mosaic of Proctor Crater 

the PSU/NCAR MM5 [1]. The Mars MM5 uses 
boundary and initial conditions provided by the GFDL 
Mars GCM [2]. It is nonhydrostatic, uses terrain-
following sigma-coordinates, and applies the same 
radiation scheme as the GFDL Mars GCM. Recent 
topography, albedo, and thermal inertia maps are used 
to model the surface. The model uses a boundary layer 
scheme from the Medium Range Forecast (MRF) to 
represent the transfer of momentum from the atmos-
phere to the surface. 

In this work, we apply the Mars Mesoscale Model 5 
(Mars MM5) to Proctor Crater to determine how the ob-
served aeolian features correlate with predicted wind orienta-
tions. The various aeolian features on the crater floor have 
different relative ages, such that the comparison of each type 
of feature with the current wind regime provides an under-
standing of how wind circulation patterns have changed 
since the oldest remaining aeolian features formed.  

We ran the model for seven ten-day time periods 
distributed through the Martian year. We used 24 ver-
tical levels from the surface to ~50 km and a horizontal 
spatial resolution of 10 km. The model timestep was 5 
seconds, although data output was recorded 12 times 
each day (every 2 hours). 

Study Area:  Proctor Crater is a 150 km diameter 
crater located in Noachis Terra, in the southern high-
lands of Mars and roughly 900 km west of Hellas 
Planitia (see Fig. 1). It contains numerous aeolian fea-
tures, including a 35 X 65 km wide dark dunefield that 
is prominent in Figure 1. Generally visible only in 
MOC NA images, small bright dune-like features that 
are interpreted as transverse bedforms cover most of 
the Proctor Crater floor. In addition, dark filamentary 
streaks that are interpreted to be dust devil tracks form 
each summer. Each type of feature is aligned with its 
formative winds, giving an indication of the prevaling 
wind orientation at the time it was last active. 

Aeolian Features in Proctor Crater:  
Dark Dunes. Inspection of MOC NA images shows 

that the interior of the dark dune field in Proctor Crater 
is dominated by large (1-2 km wide) reversing trans-
verse and star dunes [3]. Near the edge of the dune-
field, the sand layer thins and the large dune ridges 
become barchanoid dunes with slipfaces that are easy 
to interpret, as they are always oriented downwind (see 
Figure 2). 

Measurements were made of the orientations of 
these slipfaces. A rose diagram of the results is shown 
in Figure 3a. The dune slipfaces show three dominat-
ing wind orientations. The primary orientation, which 
is present throughout the dune field, indicates winds 

The Mars Mesoscale Model 5: To model the 
winds over Proctor Crater, we applied the Mars 
MM5(Mesoscale Model Version 5), developed from 
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from 239º ± 18º (mean ± standard deviation), or 
WSW. The secondary orientation indicates winds from 
110º ± 18º, or ESE, and these slipfaces are present in 
all but the easternmost portion of the dune field. The 
final, tertiary orientation indicates winds from 75º ± 9º, 
or ENE, and these slipfaces are only present on the 
eastern edge of the dunefield. These three slipfaces orien-
tations implies that the dark dune field is located in a con-
vergent wind regime [3], which is typical of terrestrial dune 
fields containing reversing transverse and star dunes [4]. 

 

 
Figure 2. Dunes at the eastern edge of the dune field. 
Arrows indicate differing slipface orientations. Green 

lines indicate dune brinks. 

Bright Duneforms. Small bright bedforms are dis-
tributed nearly uniformly across the floor of Proctor 
Crater. Where they come into contact with the large, 
dark dunes, they lie stratigraphically beneath them. 
Figure 4 shows the passage of large, dark barchans 
across a field of small bright bedforms, In the wake 
(upwind) of the dark dunes, the bright bedforms have 
been destroyed, implying that the migration of dark 
dunes also erodes away the previously existing bright 
bedforms.  

Figure 3b shows the measured along-crest orienta-
tions of several hundred bright bedforms. The bedforms 
appear symmetrical at the scale of MOC NA images, with no 
obvious upwind or downwind slopes, and thus there is a 
directional ambiguity of 180º. All directions are therefore 
constrained to greater than 270º or less than 90º. There are 
two modal directions that appear in the wind rose: a primary 
one at 330-350º and a secondary one at 5º. If these bright 
duneforms are oriented transverse to the winds that most 
recently shaped them, as would be the case if they are gran-
ule ripples or small transverse dunes, then they reflect winds 
oriented ENE-WSW and ESE-WNW, respectively. 

Figure 3. Wind roses showing the orientations of aeolian 
features. 
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Model Results: The strongest daily winds shift in di-
rection with the seasons (see Figure 6). Fall and winter winds 
come from the west and west-southwest. Spring and summer 
winds blow from the east-northeast, but they are weaker than 
their fall and winter counterparts. The fall and winter winds 
correspond well with the primary dune slipfaces, and they 
are most likely responsible for both the dune slipfaces and 
the orientations of most of the bright duneforms that are 
common on the Proctor Crater floor. 

 

 

 

Figure 4. Migrating dunes erode smaller, bright bed-
forms 

Dark Filamentary Streaks. Dark filamentary 
streaks form each summer and are erased each win 
MOC NA  
images of Proctor Crater. Figure 5 shows such streaks 
emanating from a dark patch, probably of sand. These 
tracks These tracks were probably created by dust dev-
ils that formed on the dark patch and moved down-
wind to the ENE. 

Figure 6. The highest-stres winds predicted by the 
mesoscale model over the Proctor Crater dunefield 

throughout the year. Figure 3c shows the orientations of nearly two 
hundred such dark streaks. Because determining the up-
wind versus downwind direction is impossible from observ-
ing most dust devil tracks, all directions shown have been 
restricted to 0º to 180º. Tracks oriented at 0º or 180º are ori-
ented north-south, and tracks measured at 90º are oriented 
east-west. One modal direction is evident in Fig. 5, with a 
spread from 60º - 100º, or generally ENE-WSW. Because of 
the tracks shown in Figure 5, we consider the predominant 
upwind direction to be from the WSW. 

 
Dust devil tracks are also aligned with the primary 

wind, but they are generally only visible in spring and 
summertime images, indicating that this fall and winter 
wind is not responsible for creating the majority of 
dust devil tracks. Rather, they are produced by weaker 
winds from the WSW that blow only during the spring 
and summer (not shown in Fig. 6) 

The secondary winds, from the ESE, are absent 
from Fig. 6. It is not clear why the ESE winds do not 
appear as the strongest winds at some point of the 
year, but it may be that the model is not capturing 
small-scale processes that create these winds. 

 

 

Conclusions: Two of the three dune slipfaces are 
produced by the mesoscale model, indicating that the 
winds that last influenced the dunes are still active 
today.  The bright duneforms, if transverse bedforms, 
are consistent with either the primary or the tertiary 
winds that influence the dark dunes, suggesting that 
the winds that produced the bright bedforms are also 
still active today. Finally, the dust devil tracks are ori-
ented to summertime afternoon winds predicted by the 
model (although not shown in this abstract), and 
clearly indicate present-day winds. 

All three types of aeolian features, regardless of 
their age, are consistent with present-day winds pre-
dicted by the mesoscale model. No shift in prevailing 

Figure 5. Dust devil tracks emerge from a small patch of 
dark material 
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wind orientation is apparent in the aeolian features in 
the floor of Proctor Crater. 

 [1] Toigo, A. D. (2001) Ph.D. Thesis, Calif. Inst. 
Of Tech, 139 pp. [2] Wilson R. J. and Hamilton, K. 
(1996) JAS, 53, 1290-1326. [3] Fenton, L. K., Band-
field, J., and Ward, A. W. (2003) JGR (in press). [4] 
Wasson, R. J. and Hyde, R. (1983) Nature, 304.  
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CHARACTERISTICS AND DISTRIBUTION OF THE MARS NORTH POLAR BASAL UNIT Kathryn E. 
Fishbaugh1 and James W. Head III1, 1Brown University, Dept. Geol. Sci., Box 1846, Providence, RI 02912, 
kathryn_fishbaugh@brown.edu, james_head_III@brown.edu 
 
Introduction: Beneath much of the northern polar 
layered deposits lies a dark, platy unit (Fig. 1) noted by 
a few authors [1,2] and described in detail by Byrne and 
Murray [3] and Edgett et al. [4].  We have continued the 
investigation of this unit [5-7] by examining MOC 
images and MOLA data (looking forward to the release 
of spring/summer THEMIS data) of the polar cap and of 
the features interpreted by Fishbaugh and Head [8-10] 
as polar material remnants and glacial retreat features.  
Here we discuss the broad characteristics, two example 
outcrops, and the distribution of the BU.  In another 
abstract in this volume, we examine possible origins and 
modifications of the BU. 
 

 
 

 
Figure 1.  (a) MOC image E02/01209 showing outcrop of PLD and 
eroding layers of BU.  (b) Sketch map of MOC image.  Purple region 
shows ridges within dark mantle.  Red outlines bright halo at base of 
BU, blue outlines major layers, with the shaded areas showing 
evidence of eolian erosion.  Green outlines small, erosional ridges, 
and orange outlines pits whose impact origin is uncertain.  Letters are 
explained in the text.  Location of image is marked in Fig. 4. 
 
Broad Characteristics: The main features of this unit 
have been described by Byrne and Murray [3] and 
Edgett et al. [4].  There is a stark contrast in albedo 
between the PLD and the BU (Fig. 1).  Sometimes, the 
BU/PLD contact is associated with a break in slope and 

in some places is manifested as a protruding step.  The 
BU  also has a platy appearance.  Further investigation 
of the unit for this study using MOC images and MOLA 
profiles reveals that the unit is internally layered in 
many places.  Layering in the BU is more irregular than 
but can be as fine scale as the PLD.  Nearly all basal 
layers pinch-out within the width of one MOC image.  

The contrast in properties between the PLD and the 
BU has resulted in differential erosion. Erosion of the 
BU is typically characterized by pitting, residual mesas, 
ridges, and anomalous grooves.  Yardangs are visible in 
a few images of eroding layers.  Individual layers within 
the BU also erode at different rates.  Evidence of mass 
wasting is apparent but not common.  Small pits 
(diameter = <300 m) can be found in a few MOC 
images of the BU where erosion has exposed the surface 
of some layers; an impact origin for these features is 
uncertain.  Since so little of the unit has been exposed, it 
is unknown how many impact craters may yet be buried.  

The BU/PLD contact warrants further detailed 
discussion.  In places (e.g., A in Fig. 1), the contact 
appears distinct and sharp.  However, closer 
examination reveals more complexity.  While Edgett et 
al. [4] note that the “waviness” of the contact in some 
locations (e.g., A in Fig. 2) is a post-formation erosional 
effect, there are few if no locations where a single BU 
layer can be traced along the entire contact, thus erosion 
must have occurred between formation of the basal unit 
and formation of the PLD.  Direct evidence of some 
erosion during this time is apparent in MOC image 
E02/01056 wherein pitting within the upper layers of 
the basal unit is exposed and has resulted in undulations 
in the lower layers of the overlying PLD.   

✷  

A 
C 

F 

Erosion of the BU and abrupt subsequent deposition 
of the PLD may not necessarily characterize the entire 
BU/PLD contact.  Instead, the transition may have been 
more gradual.  In several images there exist dark layers 
within the lower PLD (Edgett et al. [4] noted dark 
lenses in one MOC image).  These layers (A in Fig. 3) 
are as dark as the dunes in the north polar erg (B in Fig. 
3).  Either the dark material of the BU was gradually 
being deposited in smaller quantities along with the 
newly forming PLD until it finally ceased to be 
deposited, or, as discussed below, erosion of the BU 
freed material which was transported by wind and 
included into the lower PLD.   

E 

B 
D 

Dunes are closely associated with the BU, leading 
some [3,4] to conclude that it is an icy, sand-rich deposit 
and is the source for the large circumpolar ergs [11].  
According to our observations, dunes are visible in 
many but not all MOC images of the unit.  Thomas and 
Weitz [12] have proposed that the north polar erg source 
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was the PLD.  With these new observations of the BU, 
it seems likely that the BU is actually providing a large 
portion of the sand-sized particles.  Where no dunes are 
present, there sometimes exists a dark mantle of 
material which has presumably eroded from the BU 
(e.g., B in Fig. 1 & E in Fig. 2).  However, dunes may 
also be eroding from PLD layers just above the 
BU/PLD contact.  Figure 3 shows dark lenses of 
material (A) within the PLD which have albedos similar 
to that of the dunes (B).  Dark lenses are not visible in 
every image which contains both the BU and dunes, and 
not all images with dark lenses have dunes (although the 
dunes may have migrated away); thus, the dark lenses 
cannot be the sole source of dune material.  Instead, we 
suggest that material may have eroded from the BU and 
migrated as dunes onto the young, still-forming PLD, 
leaving dark material within the lower layers of the 
PLD; this may currently be happening in Chasma 
Boreale (e.g., MOC image E03/01735) and is also 
hypothesized to have occurred in Antarctica [13]. 
 
Example Outcrops: Olympia Planitia.  We have 
created detailed sketch maps of  BU outcrops in MOC 
images.  As illustrated by Fig. 1, the layering within the 
unit is complex, with no single layer extending across 
the entire image (a distance of about 3.3 km).  The 
outcrop exhibits 3 main sequences.  At the bottom of the 
image, lying stratigraphically at the base, is a rough 
textured, dark mantle (B).  This texture could be a result 
of the presence of hummocks, boulders, or small dunes.  
Above this lie alternating bands of bright and dark 
material, and above this are the brighter PLD.  

Within the alternating light and dark bands of the 
BU is a section (C) just below the PLD with steeper 
slopes (about 40°) than the more exposed basal layers 
below it.  There are about eight dark layers in this 300 
m thick section; therefore, each dark layer is about 35 - 
40 m thick.  As explained below, the lighter layers are 
much thinner than the darker.  Within this section, no 
particular layers extend across the entire image.  The 
PLD unconformably overlie the BU as illustrated by the 
fact that the top BU layers do not extend uniformly 
across the image but are instead eroded in some places.   

The lowest BU layer is characterized by a relatively 
low albedo and by lineations likely of eolian origin 
which may either be yardangs or longitudinal dunes (D).  
Darker layers stratigraphically above and the dark 
mantle below this show no such evidence of eolian 
reworking.  It is thus assumed that the eolian features 
are not currently forming but have been exhumed by 
erosion of overlying layers.  While ridges of unknown 
origin (F) appear in a few of the upper dark layers, they 
are for the most part featureless. 

Between the dark mantle (B) and the lowest BU 
layer, there exists a narrow, bright halo of material (E).  
Either this represents 1) a very thin layer or 2) material 

which has mass wasted from above and collected here.  
Since the texture of the darker layers shows through in 
the lighter layers, it can be assumed that the darker 
layers are thicker.  This same relationship is apparent 
throughout the BU in this outcrop.  The bright halo may 
consist of material eroded from the brighter layers.  
Note its diffuse, irregular nature.  Bright streaks cross-
cut many of the layers just below the PLD, and there is 
little to no evidence of mass wasting of the darker 
material.  Therefore, the brighter material is interpreted 
to be thinner and more mobile than the darker. 

 

 

✷  

 

 
E 

Figure 2.  MOC image E03/00889 showing outcrop of PLD and the 
darker BU below them with dark mantle at the base.  Sketch map 
outlines boundaries of exposed BU in red and major layers in blue.  
The red shaded area shows the transition zone between the BU and 
PLD at the contact.  What look to be large lenses of material or 
massive beds in the BU (D) are actually just thinner layers exposed on 
a shallow slope.  Letters are explained in the text.  Location of image 
is marked in Fig. 4. 
 

Chasma Boreale.  The best exposures of the basal unit 
in Chasma Boreale (e.g. Fig. 2) lie within the two 
arcuate scarps at the chasma head region (Fig. 4).  
Alternating light and dark layers are evident in this 
region, as in Olympia Planitia.  There exists a 
transitional zone in the PLD just above the contact (B in 
Fig. 2) which may consist of talus [4]; indeed light 
streaks of material emanate from this transitional zone 
(C).  To allow talus to accumulate, there must be a small 
break in slope at the contact, too small to be discernable 
in MOLA profile data.  Assuming that the talus was 
eroded from the PLD, the question then becomes, “Of 
what is this talus composed?”  If it is dust, then why is it 
much lighter even than the darker PLD layers (which 
presumably contain dust [14]) in full sunlight on the left 
of the image?  Instead, this transitional zone may be the 
uppermost layer of the BU with light streaks emanating 
from it as observed in the lighter layers of the BU in 
Olympia Planitia (Fig. 1). 
 Near the center of the BU in this outcrop are what 
appear to be massive beds or large lenses of material 
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(D), leading Edgett et al. [15] to conclude that the BU 
may consist of several different units.  However, MOLA 
data reveal this to be a slope effect. The lenses are just 
layers exposed at shallower slopes than the other layers, 
again indicating differential erosion within the BU.    
 While no dunes appear in this image, the dark 
mantle at the base of the BU slope (E) may have eroded 
from the BU and not yet been worked into dunes.   
 

 
Figure 3.  MOC image E02/02460 showing thin outcrop of lower 
PLD layers with the darker BU below.  This image partially overlaps 
that of Fig. 1.  Notice dark layers in PLD in lower right corner (A) and 
the dark dunes in the lower left corner (B) which may eroded from 
these dark layers.  Location of image is marked in Fig. 4. 
 
Distribution: The BU crops out in troughs near and 
extending into Olympia Planitia (elevation of BU/PLD 
contact at about –4330 ± 110 m) and within the walls of 
Chasma Boreale (elevation at about –4520 ± 80 m) [3,4] 
(Fig. 4).  Byrne and Murray [3] suggest that Olympia 
Planitia is an exposure of the BU on the 180°W side. 
While few MOC images of the cap in the longitude 
range 270-70°W were available at the time of their 
study, further analysis of newer MOC images shows 
that the BU does not appear in the troughs within this 
region. Thus, the layer pinches-out beneath the cap 
somewhere between Chasma Boreale and the cap 
margin or has been eroded back to this location (Fig. 
4b).  Another possibility is that the BU exists only at the 
edges of the polar deposits in the locations observed and 
not beneath the center.  

We have continued the investigation into the 
occurrence of this unit by examining the currently 
available MOC images of the features interpreted as 
polar material remnants and glacial retreat features [8-
10]. While there are associated patches of dunes, there 
is no obvious exposure of the BU within these features. 
The possible polar remnant near 230°W is another story.  
Some images (e.g., MOC image M18/00121) show 
evidence of dark, eroding material which is possibly the 
BU. Without images of the contact with PLD, this 
cannot be uniquely determined.  

Examination of images of the polar remnant near the 
small chasmata to the west of Chasma Boreale and of 
the mesa near the mouth of Chasma Boreale leads again 
to inconclusive determination of the existence of the 
BU.  Dune fields lie near these features, but there is no 
immediately apparent PLD/BU contact, and the mesa 
and remnant scarps are frost-covered in most images.  

Kolb and Tanaka [1] have suggested that the lobe 
extending from the mouth of Chasma Boreale is a 
remnant of this BU, and Edgett et al. [4] claim that the 
chasma floor consist of the BU.  Unfortunately, there 
are no images of the lobe scarp which would allow a 
cross-sectional view.  Our preliminary interpretation of 
these lobate deposits is that they represent a 
combination of lower BU layers exhumed by outflow 
[16] and by katabatic winds [17] and deposition of 
material from the outflow. 
 If one cannot assume that the presence of dunes 
necessarily indicates the presence of the BU, it must be 
concluded that the BU does not exist anywhere except 
beneath the main polar cap (and in the form of Olympia 
Planitia). Otherwise, if it did exist elsewhere, it has 
since been significantly eroded and is the source for 
isolated patches of dunes. 

✷  

B 

A 

 
Summary:  The basal unit has had a complex 
depositional history.  Our analyses have outlined the 
following characteristics of the basal unit internal layers 
which must be explained by any theory of origin: 1) 
various manifestations of differential erosion, 2) 
differing amounts of eolian reworking, 3) pinching-out, 
4) alternating relatively high/low albedos, and 5) almost 
no evidence of deformation.  The BU/PLD contact is 
also complex, exhibiting unconformities and possibly 
being a source of the north polar dunes.  Although its 
lower contact is not readily identifiable, this unit may 
represent the transition between deposition of the 
Vastitas Borealis Formation and the polar cap deposits 
and therefore provides important clues to the history of 
the north polar region (see Fishbaugh and Head, 
abstract in this volume). 

E 
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Figure 4a.  MOLA shaded relief map of north polar region outlining major  
features discussed in text.  Numbers indicate position of MOC images 
shown in Figs. 1, 2, & 3. 
 
 
 
 
 
 
 
 
 
0 W 180 W  

 
Figure 4b.  Approximate profile of the basal unit (shaded grey) beneath the current polar  
layered deposits.  From Byrne and Murray [3] (Fig. 11). 
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Introduction:  We have continued investigation of the 
dark, layered, and possibly sand-rich unit beneath the 
north polar deposits begun by previous authors [1-4] 
and have described the detailed characteristics of this 
basal unit (BU) [5-7; Fishbaugh and Head, abstract in 
this volume]. While Kolb and Tanaka [2] describe the 
BU as consisting of early north polar deposits, Byrne 
and Murray [3] suggest that such a significant change in 
deposition style has taken place that the unit must 
represent a period in time when there was no polar cap.  
They believe that the BU consists of ice-rich paleoerg 
deposits that migrated to the low elevation plains 
underlying the current polar deposits.  In addition to 
these possibilities, we suggest that the unit may have 
initially been deposited by outflow channels and/or a 
paleo-ocean.   

 Fishbaugh and Head [8-10] have shown that the 
north polar deposits may once have been larger, 
extending to about 75°N.  Still unknown are the timing 
and cause of this retreat as well as how many times 
advance and retreat have occurred.  The basal unit has 
yet to be placed conclusively in this history.  Since the 
BU lies stratigraphically between the 3 By old Vastitas 
Borealis Formation and the polar cap deposits with a 
surface age of at most 100 Ky [11], it may represent a 
preserved record of at least part of the pre-cap north 
polar history.   

 

 

 
Figure 1.  North polar region MOLA topography (72-90ºN).  Dotted 
line shows approximate extent of basal unit, though the floor of 
Chasma Boreale and the mesa beyond the mouth may also be part of 
the BU. 
 

Here we examine three possible origins for this unit 
(paleopolar deposits, outflow channel/oceanic deposits, 
and eolian deposit) and three possible ways in which it 
may have been modified since its formation (paleoerg, 

incorporation into basal ice, and basal melting with 
subsequent redistribution).  Figure 1 shows the 
geographic context and topographic relationships of the 
BU, north polar cap, and the surrounding plains. 

 

Possible Origins:  We present three possible modes 
of formation of the BU and three possible ways in 
which it may have been modified since its formation. 

 

 
Figure 2.  Sketch of present stratigraphy at north pole with the BU as 
a paleopolar deposit. 
 

1) Paleopolar Deposit (Fig. 2): While not expounded 
upon in detail, according to Kolb and Tanaka [2], the 
BU represents a "an earlier phase of north polar 
deposits" (pg. 30). We interpret this to mean that the 
unit consists of paleopolar deposits, an earlier phase of 
polar cap deposition.  We find that three major 
observations lend support to this idea: 1) the fine-scale 
layering of the BU, 2) the exclusive association of the 
BU with current polar deposits (and possibly with 
remnants of former extents of polar deposits), and 3) the 
"pile" shape of the unit.  

In this case, the BU represents an unconformity in 
polar cap deposition and unknown amount of erosion 
during which time the environmental conditions 
changed such that one of two things happened. 1) The 
amount of atmospheric dust (or sand) decreased 
(possibly suddenly) and polar deposition continued with 
a lower sediment/ice ratio. 2) Large-scale erosion of 
earlier polar cap deposits resulted in a gradually 
increasing sediment/ice ratio as the ice sublimated 
leaving sediment behind. 

Features left 
by  cap 
retreat 

Olympia Lobe 

Polar Cap 

If the BU does represent a shift in depositional style 
of polar deposits or large-scale erosion of former polar 
deposits, it may necessitate a relatively old age for the 
BU, possibly Early Amazonian.  There are two reasons 
for this. 1) If the BU represents an early phase of polar 
cap deposition with more sediment than the current 
phase, then the necessary climate shift to allow more 
atmospheric suspension of sediment would be of a much 
larger magnitude than the smaller scale shifts which 
produce layering in the current PLD. 2) The BU has 
been more thoroughly eroded than the PLD, yet it is 
inherently more difficult to sublimate heavily sediment-
laden ice than it is to sublimate purer ice. The resultant 
sublimation lag considerably slows the sublimation, 

North Polar 
Basin 

Chasma Boreale 
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which could allow a possibly large volume of polar 
deposits to be "trapped" beneath the Olympia erg. 

 
2) Outflow channel/Oceanic deposits (Fig. 3): 

Sediment brought by outflow channels [12] and a 
possible former standing body of water [13] may easily 
provide sand and ice-rich material for the BU.   

 

 
Figure 3.  Sketch of present stratigraphy at north pole with the BU as 
a outflow channel/oceanic deposits, part of the Vastitas Borealis 
Formation.  The red lines indicate possible previous extents of the 
deposits which have since been eroded away. 
 

 One major problem with this scenario is that the 
Vastitas Borealis Formation (VBF) is thought to consist 
in part of oceanic and outflow deposits [14,15].  Since 
the BU overlies the VBF, how could it be composed of 
these same deposits?  In addition, there is apparently no 
evidence for the existence of this unit outside of the 
current polar cap bounds and Olympia Planitia.  The 
answers may lie in the armoring of outflow 
channel/oceanic deposits near the pole. 

Water from the outflow channels could have formed 
numerous standing bodies of water which froze.  These 
ice and sand-rich deposits could then have sublimated, 
with the water being redeposited at the pole to form part 
of the north polar cap [16].  This cap would preserve the 
sediments beneath it.  Still, the surrounding plains 
would have had to lose a lot of mass to sublimation 
since the upper BU contact is about 500 m higher than 
the plains.  Alternatively, calculations of possible 
circulations patterns within an oceanic standing body of 
water in the northern plains yield deposition of material 
near the pole, rather than spread out within the lowest 
parts of the North Polar Basin [17].  Therefore, most of 
the sediments could have piled up near the pole, leaving 
the rest spread throughout the basin.  As the polar cap 
formed, by several possible means, it would armor the 
sediment near the pole, preserving it beneath the polar 
deposits.   

 
3) Eolian Deposit (Fig. 4):  Another possible origin 

for the basal unit is eolian transport of material toward 
the north pole.  Anderson et al. [18] have modeled the 
distribution of sand resulting from saltation, taking into 
account Pollack et al.’s [19] Mars general circulation 
model.  They find that sand from northern mid latitudes 
would migrate to the north pole, creating the north polar 
erg within 50 Ky.  Assuming a sufficient sand supply, 
this could indeed explain an accumulation of sand at the 
pole, but may not explain the detailed layered structure 
unless the process occurred with some cyclicity. 

 

 
Figure 4.  Sketch of present stratigraphy at north pole with the BU as 
an eolian deposit with possible cross-bedding. 
 

Modification Processes:  1) Paleoerg.  Byrne and 
Murray [3] suggest that the BU is an ice-rich paleoerg 
consisting of sand brought by means similar to those 
suggested by Anderson et al. [18].  We have found no 
evidence for the cross-bedding one may expect if the 
sand deposit was reworked into a major dune sea before 
deposition of the PLD.  However, it may be that the 
resolution of the MOC images is not sufficient to detect 
the cross-bedding.  If the deposit was reworked into a 
paleoerg, it would imply that some time passed between 
the end of sand deposition and the beginning of PLD 
deposition. 

2) Basal Ice (Fig. 5).  Regardless of the origin of the 
material within the basal unit, it may currently behave 
as basal ice as seen in terrestrial ice sheets [20-25].  On 
Earth, some glaciers and ice sheets have one or more 
layers of basal ice which can range in thickness from a 
few millimeters to tens of meters.  Basal ice can have up 
to greater than 50% sediment by volume and has 
structural, chemical, and isotopic characteristics distinct 
from the overlying purer ice layers [20].  The contact 
between the basal ice and overlying ice is often quite 
distinct.  
 Basal ice can form by one or more of the following 
means [20,21]: 1) Regelation or congelation (glacial 
meltwater or other water with admixed sediment freezes 
on the lee side of obstacles or beneath the glacier) 2) net 
adfreezing (freezing front advances downward through 
saturated sediments, adding them to the glacier base), 3) 
entrainment of pre-existing ice (as ice sheet advances 
over buried glacier ice or debris aprons), or 4) mixing 
and crevassing (adds small amounts).  The various 
means of creating basal ice require some amount of 
meltwater.  Meltwater could have come from the 
formation of Chasma Boreale [26].  The creation of the 
basal unit as basal ice also would probably require 
longer time scales than the creation of terrestrial basal 
ice which at its thickest is an order of magnitude thinner 
than the martian basal unit.   If the BU does comprise 
basal ice frozen to the bed of the PLD, it must be taken 
into account in any rheological models of the north 
polar cap. 

3) Basal melting and redistribution.  The BU may 
have affected the possible outflow which initiated the 
formation of Chasma Boreale (CB) [26] by influencing 
where CB formed (since the BU pinches out near CB) 
and/or by providing the water for the outflow as 
suggested by Byrne and Murray [3].  In addition, the 
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outflow may have taken place in some part along the 
PLD/BU contact and may have redistributed some of 
the BU.  Indeed, since the BU outcrops on both sides of 
the CB head scarps, at least as much as is missing from 
those depressions must have been redistributed, possibly 
providing the sediment for the CB dunes.  
 

 
Figure 5.  Basal ice in the subpolar Eugenie Glacier on Ellesmere 
Island with person in foreground for scale.  From Benn and Evans 
[20] (Fig. 5.19). 
 

Age of the Basal Unit: Underlying the BU is the 
Vastitas Borealis Formation which is about 3 By old 
[15,17].  The surface age of the polar cap deposits has 
been estimated to be at most 100 Ky old [11].  
Overlying the basal unit and some dunes is the ice-rich 
latitudinally-dependent mantling layer [27,28]; no large 
craters have been found in this unit, so it assumed to be 
very young, Late Amazonian in age.  Together, this 
evidence gives the BU an age of Early to Mid/Late 
Amazonian (0.1 – 3 By).  It is difficult to absolutely 
date the BU itself since so little of its surface area is 
exposed.  There are craters, better highlighted by 
MOLA data than by images, near the edge of the polar 
cap which may be BU craters covered by a thin layer of 
PLD.  In addition, the floor of Chasma Boreale (CB) 
may consist of the lower BU layers [2, 4; Fishbaugh 
and Head, abstract in this volume].  This area has 3 
large craters (~10 km diameter) and many smaller 

craters.  Crater counting of the CB floor could provide a 
better age estimate of the lower BU layers, but this is 
presumably only a small portion of the exposed surface 
area. 

 
Conclusions:  We have considered three possible 

origins and modifications of the north polar BU.  Some 
characteristics of the BU are consistent with all of these.  
We look forward to the release of north polar THEMIS 
data to help us better characterize the unit.  An obvious 
way to rule out an outflow channel/oceanic and/or 
eolian deposit origin for the BU would be to discover a 
similar unit in the south polar region.  Preliminary 
examination of MOC images in the south polar region 
has yielded no evidence thus far for a basal unit, but we 
will continue to examine more south polar MOC and 
THEMIS images.  
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Introduction: The hafnium-tungsten (182Hf-182W) 

short-lived chronometer (t1/2 ~9 Myr) has been used to 
date the timing of early metal-silicate differentiation 
events on the Earth, Moon, Mars (SNC parent body), 
and Vesta (eucrite parent body) [1-10]. Both hafnium 
and tungsten are highly refractory elements that are 
present in approximately chondritic relative abun-
dances in bulk planets and planetesimals. However, 
during metal-silicate differentiation (or core forma-
tion), the lithophile Hf segregates into the silicate frac-
tion while the siderophile W segregates into the metal-
lic core. If this differentiation event occurs within ~5 
half lives of 182Hf, ~45 Myr, then its timing can be 
determined by measuring the excess of the daughter 
product, 182W.  

The Solar System initial 182Hf/180Hf ratio has re-
cently been revised [7, 8, 9]. This has enabled new 
estimates for the timing of metal-silicate differentiation 
on the terrestrial planets and planetesimals. Core for-
mation is now thought to have occurred within the first 
~3 [7], ~13 [8], ~10-29 [7], and ~29 [7] Myr from the 
beginning of Solar System formation for Vesta, Mars, 
Earth and the Moon, respectively. These time scales 
are significantly shorter than those determined previ-
ously for each of these planetary bodies [1, 6, 10]. A 
previous estimate of the Solar System initial 
182Hf/180Hf ratio was derived from the W isotopic 
analyses of carbonaceous chondrites by [1, 2], which 
indicated an ε182W value ~2ε units higher than the 
value recently reported by [7, 8, 9]. Since the only 
reported W isotopic measurements for SNCs are from 
[6], this raises the question as to whether these values 
are reproducible. Accurate determination of the W 
isotopic compositions of the SNC meteorites will help 
to constrain the timing of core formation on Mars and 
the extent of heterogeneity in the martian mantle. 

Previous measurements indicate that whole rock 
ε182W values in the SNCs vary from ~0 to +3 ε units 
above terrestrial [6]. Moreover, these values appear to 
correlate with initial ε142Nd values for the SNCs that 
have been analyzed [11], suggesting that core forma-
tion and silicate differentiation on Mars occurred very 
early in the history of Mars, and that subsequently, the 
martian mantle has remained poorly mixed. Since 
these data were reported, numerous new SNC meteor-
ites have been recovered, and Nd isotopic data are 
available for several of these [12, and references 

therein]. Therefore, the goals of this study were to ob-
tain new estimates of the range of ε182W values in the 
SNC meteorites (by measuring the W isotopic compo-
sitions of not only those which were previously ana-
lyzed by [6] but also of new SNCs that have since 
been recovered) and to confirm the relationship be-
tween the ε182W  and initial ε142Nd values. In this 
work, we report the W isotopic compositions of two 
basaltic shergottites, Zagami and Los Angeles, and one 
nakhlite, NWA 998. W isotopic analyses of additional 
SNCs are ongoing. 

 
Methodology: The samples analyzed here were 

crushed with a clean agate mortar and pestle. Dissolu-
tion was performed by treatment with a 3:1 mixture of 
concentrated HF:HNO3, followed by concentrated 
HNO3, and samples were finally brought into solution 
in HCl. Isolation of W from samples was performed 
with column chromatography using AG-1X8 anion 
exchange resin (200-400 mesh). The chromatography 
procedure is similar to that used by [9, 13, 14]. Pri-
mary and secondary column chemistry was performed. 
The secondary column was necessary mostly to reduce 
the amount of Ti in the W-cut from the primary col-
umn. After the secondary clean-up column, the W-cut 
was evaporated and re-dissolved in 3% HNO3-0.05 N 
HF for isotopic analysis. 

W isotopic analyses were made using the Micro-
mass IsoProbe multicollector ICPMS in the Isotope 
Geochemistry Laboratory at the Field Museum. The 
normalizing ratio used to correct the raw 182W/183W 
ratio for instrumental mass fractionation was 
186W/184W = 0.927633 [3]. As a check, we also deter-
mined the fractionation corrected 182W/183W ratio by 
normalizing to a 184W/183W ratio of 2.139758 [15]. For 
all samples analyzed here, within 2σ errors, the ε182W 
values for respective samples were the same using 
both normalization schemes. Sample solutions (typi-
cally with W concentrations of ~50-100 ppb) were 
introduced into the plasma using a CETAC Aridus 
MCN. The array of 9 Faraday collectors allowed si-
multaneous collection of all W isotopes. Each meas-
urement was comprised of 40 cycles of 10 s integra-
tions, and was preceded by a 10-minute washout and a 
45 s integration of the background. Measurement of 
each sample was bracketed with multiple measure-
ments of the NIST 3163 W standard. For each sample, 
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at least 2 repeat measurements were performed inter-
spersed with measurements of the NIST 3163 W stan-
dard. The ε182W value for each sample was the average 
of the calculated differences between each sample 
measurement and the average of repeated measure-
ments of the NIST 3163 W standard bracketing that 
sample in epsilon (ε) units as shown below. 

 
 
 
 

 
 
 
Results: Measurements of the W isotopic composi-

tion of the NIST 3163 standard were performed over 
the course of several months. Figure 1 shows the re-
sults of these analyses for the last ~2 months. Each 
data point consists of the average ε182W value obtained 
from repeat measurements of the NIST 3163 standard 
performed on a single day. As shown in the figure, the 
long term reproducibility (2σ) of our W isotopic meas-
urements is ~0.2 ε.  
 
 
Figure 1: Long term reproducibility of W isotopic measure-
ments of the NIST 3163 standard. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
W isotopic compositions of geostandards as well 

as previously analyzed meteorites were also measured 
to verify the accuracy of our experimental techniques. 
Terrestrial USGS andesite and basalt geostandards, 
AGV-2 and BCR-2 respectively, were first analyzed. 
As shown in Figure 2, the W isotopic compositions of 
AGV-2 and BCR-2 are, within errors, the same as 
those of the NIST 3163 standard represented by the 
solid line ± 2 σ (dashed lines). The ε182W values de-

termined by us of the carbonaceous chondrite Allende 
and the iron meteorite Toluca (Figure 2) are similar, 
within errors, to values reported for these meteorites 
by [7, 8] (Table 1). In contrast, our results for Allende 
are not consistent with those acquired by [1,2].  
 
 
Figure 2: ε182W values for AGV-2, BCR-2, Allende, and 
Toluca relative to the terrestrial W standard NIST 3163 + 2σ 
external errors. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Our results for the SNC meteorites are similar to 

those acquired by [6], as illustrated in Figure 3. Spe-
cifically, the ε182W value of 0.32 + 0.18 
(2σ) determined by us for Zagami is, within error, the 
same as that reported for this meteorite by [6]. The 
basaltic shergottite Los Angeles, which has not been 
analyzed prior to this work, has an ε182W value of 0.43 
+ 0.12 (2σ). This value is similar to that reported by 
[6] for other basaltic shergottites, Shergotty and Za-
gami, that have petrologic and geochemical similarities 
to Los Angeles. NWA 998, a nakhlite which also has 
not been analyzed prior to this work, has an ε182W 
value of 3.35 + 0.14 (2σ), similar to that of Nakhla [6].  
 
 
Table 1: Average ε182W values + 2σ. 
 

Sample ε182W 
(this 

work) 

2σ 
error 

ε182W 
(previous 

work) 

2σ  
error 

NIST W 0.01 0.17   
AGV-2 0.04 0.13   
BCR-2 0.05 0.20   
Allende -1.7 0.17 -1.9[7,8] 0.20[7,8] 
Toluca -3.09 0.13 -3.16[7] 0.15[7] 
LA 0.43 0.12   
Zagami 0.32 0.18 0.50[6] 0.34[6] 
NWA 998 3.35 0.14   
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Figure 3: ε182W values for Los Angeles(LA), Zagami, and 
NWA 998 (this work) compared with the data of Lee and 
Halliday for various SNCs [6]. 
 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
Discussion: Assuming an initial Solar System 

182Hf/180Hf ratio of (1.09 ± 0.09) x 10-4 [7, 8], a Hf/W 
ratio for the martian mantle of ~5 [16, 17], and a sim-
ple two-stage model for differentiation on Mars, it is 
possible to estimate the timing of core formation (pro-
vided that the measured 182W excesses in the SNC me-
teorites are solely the result of this process). Given the 
above assumptions, one may estimate ∆TCHUR values 
(or timing of core formation relative to Solar System 
formation) of ~12-13 Ma from the W isotopic data for 
Zagami and Los Angeles and ~1.5 Ma from the data 
for NWA 998. However, it is significant to note that 
the W isotopic compositions of all the SNC meteorites 
are unlikely to be solely the result of core formation 
and may additionally be affected by silicate differen-
tiation. This is suggested by the apparent correlation 
between the ε182W and ε142Nd values that was first 
noted by [6]. During core formation, Hf (lithophile) is 
fractionated from W (siderophile) whereas Sm and Nd 
(both lithophile) do not fractionate from each other.  
However, during crust-mantle differentiation, Hf/W 
ratios as well as Sm/Nd ratios are fractionated in the 
two silicate reservoirs. Therefore, if the correlation 
between ε142Nd and ε182W values in the SNCs can be 
further confirmed, it would indicate that on Mars, core 
formation and silicate differentiation both occurred 
when the short-lived radionuclides 182Hf (t1/2 ~ 9 Myr) 
and 146Sm (t1/2 ~ 103 Myr) were both extant. 

Figure 4 shows a plot of ε182W vs. ε142Nd values in 
the SNC meteorites (including those analyzed by us). 
If we assume that the 142Nd excesses in Los Angeles 
and in NWA 998 are similar to those in the basaltic 
shergottites (Shergotty and Zagami) and in the 
nakhlites, respectively, then the correlation between 

ε182W and ε142Nd noted earlier by [6] appears to be 
robust. Therefore, this provides further confirmation 
that core formation and silicate differentiation oc-
curred very early in the history of Mars.  

It is notable here that the SNCs with the least ra-
diogenic W and near chondritic Nd isotopic composi-
tions (i.e., the basaltic shergottites Shergotty, Zagami, 
and Los Angeles) have 182W excesses that are still ~2.2 
ε units above the revised chondritic value determined 
by [7, 8, 9]. This provides an upper limit on the timing 
of core formation on Mars of ~13 Myr and furthermore 
suggests that core formation preceded silicate differen-
tiation. 

 
 

Figure 4: ε182W vs. ε142Nd in the SNC meteorites. ε182W 
values are from this study and from [6], while ε142Nd are 
from [15]. The ε142Nd values shown here for LA and NWA 
998 are average values, reported by [15], for shergottites (S) 
and nakhlites/chassignites (NC) respectively. 
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SCENARIOS TO EXPLAIN THE FORMATION OF GULLIES ON MARS : NUMERICAL SIMULATION 
WITH A CLIMATE MODEL. F. Forget1 N. Mangold2 and F. Costard2, 1LMD, CNRS, Université Paris 6 BP99, 4, 
place Jussieu, 75252 Paris cedex 05, France (forget@lmd.jussieu.fr) 2Orsay-Terre,  FRE2566, CNRS et Université 
Paris-Sud, Bat. 509, 91405 ORSAY Cedex, France 
 
Introduction: The observations of geologically young 
gullies [1] in the middle and high latitude on Mars are 
among the most debated topics in Martian science. 
Most scientists believe that their formation involved 
liquid water, but current temperature and pressure con-
ditions on Mars are too low to allow liquid water or 
debris mixed with liquid water to freely flow on the 
surface.  
 
Possible Scenarios 
Gullies have been proposed to result of subsurface 
seepage of water [1] by geothermal activity [2] or 
brines [3], near-surface ice melting at recent periods of 
high obliquity [4], snowmelt in more recent periods [5]  
One of the best constrain to test the various possible 
scenarios are the spatial distribution and the orientation 
of the slope on which gullies can be observed (Fig-
ure 1). The first two scenarios are somewhat difficult to 
reconcile with observed distribution. There is no clear 
association between the location of debris flows and 
the general distribution of recent geothermal activity 
[1]. Furthermore, gullies originating from the top of 
isolated peak and from the crest of large dark dunes [6] 
have been observed. In these cases, the involvement of 
a subsurface aquifer is unlikely.  
 
 
Formation of Gullies at high obliquity 
The formation of the observed gullies can be several 
hundred thousand or even several million years old. 
Therefore, when considering the possible origin of the 
Martian Gullies, one has to consider how Mars could 
have been at other obliquities.  
In a previous work [4] we have explored the possibility 
that the gullies could be formed by the melting of the 
near-surface when the obliquity was different than to-
day. Using the climate model developed at LMD, we 
calculated the temperature of the surface and sub-
surface on various locations on Mars and for various 
obliquities. We also included the ability to compute the 
climate on various slopes with various orientation, 
which is of key importance here.  
Our calculations revealed that the only places on Mars 
where the daily mean temperature has been above the 
melting point of water during the past obliquity cycles 
are the mid and high latitudes above 30°, especially on 
poleward-facing slopes, except in the polar region 
where warm temperatures are found on both southward 
and northward facing slopes. The corresponding ther-

mal wave could have melted the ground ice over sev-
eral tens of centimeters. The fact that poleward-facing 
slopes receive more sunlight and get warmer at high 
obliquity in the summer is due to the pole being tilted 
toward the sun (In the southern hemisphere around 
summer solstice, the sun appears most of the time in 
the southern sky).   
 
This preferential orientation and the latitudinal distri-
bution of the warmest near-surface temperature coin-
cide with the location of the observed Martian gullies, 
suggesting a link between near-surface warming and 
debris flows. We have performed a detailed statistical 
analysis of the gullies orientations as observed in the 
most recent MOC pictures (M01 to E06, Fig. 1)  We 
found a very good agreement between the variations of 
the orientation of the gullies with latitude observed on 
mars and those predicted by the model.  
 
It must be noted that, even though the poleward facing 
slopes can get very warm around summer solstice at 
high obliquity, they remain colder on a yearly average 
than any other exposition. For instance, at 35° obliq-
uity, a 30° poleward slope receives about 100 W m-2 
along the year, compared to almost 150 W m-2 on a flat 
surface. When studying other aspect of the climate 
system like the CO2 cycle and the water ice cycle, this 
means that both CO2 ice and water ice tends to be 
more stable on such slopes. This strongly favours the 
formation of gullies.  
For instance, around summer solstice, any near-surface 
ground (or ice layer) which is progressively warmed 
toward 0°C tends to sublime or lose its water trapped 
in its pores through the diffusion of H2O molecules 
into the atmosphere. However, on poleward-facing 
slopes, the seasonal CO2 ice layer accumulated during 
fall and winter maintains the surface at the low CO2 
frost point temperature until late spring (see Fig. 3 in 
[4] ). These slopes are covered by seasonal CO2 ice 
later in the season than other slopes, and get free of ice 
only in summer when the solar flux is already strong. 
The disappearance of CO2 ice allows a sudden warm-
ing of the surface and of the near sub-surface which 
reach 0°C in a few days. If any water ice is present on 
the surface or in the soil, it have less time to com-
pletely sublime or diffuse out of the ground, especially 
since the atmosphere water content is then near its peak 
(diffusion primarily depends on the ground – atmos-
phere water density gradient). In addition, poleward 
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slopes act as cold trap for the water ice sublimed for 
nearby area, and this also favour the accumulation of 
ice before they get warm.   
On this basis, and since Mars at high obliquity is 
thought to have had a water-rich atmosphere thicker 
than today (so that liquid water could sometime flow 
on the surface), we believe that the Mars gullies result 
from the melting of the ground ice at high obliquity 
Figure 2 presents a summary of the environmental con-
ditions.on poleward facing slope at high obliquity that 
may have enable the formation of gullies. 
 
Ultimately,  the key question that remains to be solved 
is how much water can be available on the surface or in 
the subsurface at high obliquity, and whether the ice 
layer can actually accumulate in the relevant locations. 
On the one hand, the Mars Odyssey GRS records sug-
gest that significant amount of water ice is currently 
accumulated in the high latitude subsurface. On the 
other hand, recent Global Climate Model simulations 
performed by several major GCM team (NASA Ames : 
Bob Haberle, GFDL-Caltech : M. Mischna, M. 
Richardson and R. J.Wilson, we at LMD) shows that at 
high obliquity the Martian climate was extremely 
“wet”, and that, for instance; water ice or snow  may 
have accumulated in the mid-latitudes. This should be 
especially true on poleward facing slopes.  
 
Formation of Gullies under snowpack 
Recently, Christensen [5] suggested that the gullies 
could form presently below snow-covered slopes 
through erosion by water melt beneath the dusty snow. 
The main motivation for this scenario was the observa-
tions of smooth mantle (thought to be a water ice snow 
pack covered by sediment) immediately next to gullies. 
According to P. Christensen, the water was transported 
from the poles to mid-latitudes during period of high 
obliquity. Patches of snow remain today on the cold 
poleward facing slope where they form gullies, thus 
explaining why gullies would be preferentially found 
on poleward-facing slopes.  
However, this model does not fully address how liquid 
water can form beneath the snow, reach the surface and 
erode the substrate. Christensen based his scenario on 
calculations performed by Clow [7] using an optical-
thermal model developped for dusty snow at 38° south 
latitude. However, in this paper, it is shown that it is 
relatively difficult to melt snow on current Mars (with a 
pressure of 7 mbar, this requires a very specific type of 
snow) and that liquid water would be available for run 
off at atmospheric pressures well above 7 mbars. 
Moreover, the calculations are performed on a flat sur-
face. On a poleward facing slope on present Mars, 
melting the ice would be even less likely. For instance, 
the maximum clear sky solar flux reaching -38° latitude 

on present Mars is about 700 W.m-2 on a flat surface 
compared to only 525 W m-2 on a 30° poleward slope 
(and only 420 W m-2 at 50 deg latitude, where many 
gullies are observed).  
If the smooth deposit discovered near some gullies are 
indeed the remnant of a snow pack that accumulated 
there during high obliquity period, it is more than 
likely that in some location the same snow could quite 
easily melt, but, as explained above, at obliquity higher 
than today.  The  melted snow would have then im-
pregnate the debris observed on the surface, and form 
debris flows as described in [4]. Such a process would 
be very close to what is observed for Earth periglacial 
debris flows. It must be reminded here that the geo-
morphological characteristics of most Martian gullies, 
with levees and  accumulations of debris at their base, 
do suggest that they are formed by debris flows rather 
than a slow erosion by little water flowing beneath a 
snow pack. At high obliquity, water do not need to be 
sheltered from rapid evaporation because the pressure 
is expected to have been higher than today and proba-
bly above the triple point of water thanks to the desorp-
tion of CO2 from the regolith [5].  
 
Conclusion 
During our talk, we will review the different clues that 
are now available to constrain the possible scenarios 
that explain the formation of Gullies, and in particular 
present new calculations of the environmental condi-
tions (temperature, water ice accumulation and subli-
mation) on various slopes and at various obliquity  
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Figure 1 : Distribution of the orientation of martian gullies 
in three ranges of latitude in the southern hemisphere: None 
are observed equatorward of 28° of latitude. Statistics are 
made over all MOC images from data archives M01 to E06. 
The total number of gullies is 395, respectively 146, 167 and 
82 in each latitude range. Orientations have been divided in 
8 sectors of 45° large (S is centered at 180°, including direc-
tions from 157.5 to 202.5°). S means that gullies face the 
southern direction (the pole) on hillslopes oriented along the 
E-W direction. The number of octagons corresponds to the 
number of gullies in each of the eight sectors.  
 

 
 
Figure 2: Schematic drawing of the environmental 
conditions on poleward facing slopes at mid latitude 
when Mars obliquity is higher than 30° which are 
thought to favour the formation of gullies. 
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Introduction:  The “Quasi-Circular Depressions” 

(QCDs) seen in MOLA data which have little or no 
visible appearance in image data have been inter-
preted as buried impact basins on Mars [1,2]. These 
have important implications for the age of the lowland 
crust, what mechanisms could produce the crustal 
dichotomy, and the existence of crust older than the 
oldest observed surface units on Mars [3,4]. A global 
survey of large QCDs using high resolution MOLA 
data now available [5,6] has provided further details 
of the earliest history of Mars. The lowlands are of 
Early Noachian age, slightly younger than the buried 
highlands and definitely older than the exposed high-
land surface. A depopulation of large visible basins at 
diameters 800 to 1300 km suggests some global scale 
event early in martian history, maybe related to the 
formation of the lowlands and/or the development of 
Tharsis. A suggested early disappearance of the global 
magnetic field can be placed within a temporal se-
quence of formation of the very largest impact basins. 

 QCDs > 200 km Diameter: Figure 1 shows polar 
views of QCDs  > 200 km diameter. The diameter cut-
off for this global survey was motivated by several 
factors:  (a) the total number found (~560) was tracta-
ble; (b) features of this size are difficult to bury com-
pletely (rim heights 1-1.5 km, depths ~4 km [7]) and 
therefore might be expected to survive over all of mar-
tian history; and (c) this is an appropriate size for 
comparison with other data such as the distribution of 
gravity and magnetic anomalies [8-10]. 

The buried population is much greater than the 
visible population in both the northern lowlands and 
in the southern highlands. The density of all (visi-
ble+buried) basins is also much greater in the high-
lands than in the lowlands, by roughly a factor 4 
(much larger than their areal ratio).  

There is a significant population of very large ba-
sins (D>1000km), equally divided between the two 
hemispheres, including two Utopia-size buried fea-
tures. One is near but not identical to an earlier pro-
posed “Daedalia Basin” [11,12] and the other centered 
near 4N, 16W. This “Ares” basin has independent 
support. The Uzboi-Ladon-Arden Valles through 
Margaritifer-Iani Chaos depressions form a nearly 
continuous northward channel system that is radial 
down toward the exact center of the Ares Basin. Ares 
Vallis itself drains exactly radially away from this 
center NW into Chryse. 

Cumulative Frequency Curves and Crater Re-
tention Ages: Global and separated highland/lowland 
cumulative frequency curves show similar characteris-
tics. There is a small (~10) population of very large 
basins (D=1300-3000km) which follow a –2 power 
law slope on the log-log cumulative frequency plots. 
At D < ~500 km the total populations in both high-
lands and lowlands again follow a –2 slope; for the 
planet-wide visible population this is the same slope 
as for the very large diameter basins. On a regional 
basis, the total lowland population for D<600 km lies 
above the visible highland population, but below the 
buried (and total) highland population. This suggests 
that globally the buried lowland crust is slightly 
younger than the original (now buried) highland crust. 

This is consistent with our earlier result that the 
buried lowlands were older than the visible highlands 
in the extended “Arabia” area [2] and that, based on 
direct comparison with the oldest exposed surface 
units on Mars (Nh1, SE of Hellas [3,4]), the buried 
lowland crust is Early Noachian in age [13]. 

At intermediate diameters (1300 to about 800 km) 
the global visible population of falls off the –2 slope 
before recovering at smaller diameters. The visible 
and total populations of the highlands have a similar 
depletion, but the buried population in the highlands 
does not. We speculate that this depletion of interme-
diate size basins is the signature of some global-scale 
event very early in martian history. Candidates are the 
formation of the slightly younger lowlands, and the 

 

 
Figure 1:  Polar views of visible, buried and total (= 
visible + buried) QCDs > 200 km diameter. Note the 
larger number of buried basins in both hemispheres, 
and the larger total number in the south. 
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growth of Tharsis, both of which could have removed 
pre-existing intermediate-size basins. 

Implications for the Age and Origin of the 
Crustal Dichotomy: Unless there is some way to pre-
serve the large population of Early Noachian (now 
buried) impact craters while lowering the crust in the 
northern third of Mars, it appears the lowland crust 
not only formed in the Early Noachian but also be-
came low during that time [2,13]. The slight crater 
age difference (which could be a very short absolsute 
time interval), does suggest the lowlands formed after 
the highlands were in place and preserving craters. It 
may be hard to form the lowlands by endogenic proc-
esses in the shosrt time available. Most mechanisms 
suggested [14-16] have a relatively late formation of 
the lowlands. Even if degree one convection does oc-
cur, it appears to take hundreds of millions of years to 
become established, even with extreme viscosity gra-
dients [16]. Three large “lowland-making” QCDs 
(Utopia, Acidalia and Chryse) do not account for all 
the lowland area of Mars, but are responsible for much 
of it and provide a simple mechanism for the early 
formation of a topographic dichotomy on Mars [7]. 

Comparison with Magnetic Anomalies: We com-
pared the distribution of QCDs (both buried and 
visible) with the distribution of magnetic anomalies, 
both modeled [17,18] and directly observed [9,10]. As 
shown in Figure 2, most of the very large basins do 
not have prominent magnetic anomalies lying within 

their main ring, as had been previously suggested for 
the Hellas and Argyre Basins [9,19]. This is also true 
for many of the less obvious large basins detected in 
this study, and consistent with earlier suggestions that 

these basins may have formed after the global dynamo 
died [9,19].  But two very large basins, Daedalia and 
Ares, do have prominent anomalies lying within their 
main rings (Figure 2). These two are also the oldest of 
the population, based on their much more subdued 
nature and larger number of superimposed smaller 
basins. Daedalia and Ares likely predate the disap-
pearance of the global magnetic field. The “lowland-
making” basins Utopia, Acidalia and Chryse have a 
few moderate amplitude anomalies within their main 
ring, and based on superposed smaller basins appear 
to be of intermediate age between Ares and the 
younger Hellas, Argyre and Isidis basins (see below). 

A Chronology of Major Events in the Early His-
tory of Mars:  We use the cumulative number of ba-
sins larger than 200 km diameter per million square 
km [N(200)] to place the large diameter basins in a 
chronology (Figure 3). The highland total N(200) age 
is [4.53]. The very ancient Ares Basin is slightly older 
[3.98] than the buried highland surface [3.89]. The 
three basins which contribute most to the topography 
of the lowlands (“lowland-making” basins Acidalia, 
Utopia, and Chryse), are all older [N(200) ~ 3.12-
3.27] than the buried and total lowland crust [2.39-
2.47], as they should be. Argyre [2.21] and Isidis 
[1.39] formed after the lowland crust, but Hellas 
[2.68] may have formed before. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Another age of interest in this chronology can be 

derived by extrapolation from the largest impact ba-
sins, which, before the depopulation at D<1300 km, 

 
 
Figure 3:  Possible chronology of early events in mar-
tian history, including formation of major impact ba-
sins before and after presence of global magnetic field, 
based on crater retention ages for D>200 km. 

 
 
Figure 2.  Crustal magnetic anomalies from Cain [11] 
with QCDs > 1000 km diameter superimposed. Note 
only Daedalia [D] and Ares [Ar] have prominent anoma-
lies lying inside their main (darker) rings.  These two 
may have formed when the global magnetic field was 
still present. 
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roughly follow a -2 powerlaw. Extending this to 
D=200 gives an N(200) age of  ~ 6-8, significantly 
older than the buried and total highlands. This proba-
bly represents the oldest N(200) age that can be esti-
mated, but is not oldest age on Mars. There must be 
still older crust if the oldest large basins are preserved 
as recognizeable structures (see discussion below). 

The relative basin sequence is fairly secure and 
consistent with regional ages based on counts of su-
perimposed impact basins. The line dividing the mag-
netic field/no-magnetic field eras is less so. We place 
it at N(200) ~ 3.5, before the formation of the “low-
land-making” basins. The few weak anomalies in 
Utopia, Acidalia and Chryse may represent partial 
remagnetization of the crust in a dying field following 
formation of these intermediate age basins. This is an 
extension of the idea that basins without anomalies 
formed after the field disappeared [9,19]. If some 
process other than impact demagnetized the crust 
[e.g., 20], then this line could be substantially lower in 
Figure 3 and later in martian history. 

The scheme described above is a relative chronol-
ogy, loosely constrained by cumulative frequency data 
for QCDs of large size. It does not, except through 
modeling studies, provide information on absolute 
ages or dates for major events. Buried impact basins 
do provide some information on the limitations on our 
ability to estimate absolute ages, as described below. 

Pre-Noachian Crust?: The “Early Noachian” 
(EN) used in geologic mapping [21-23] is undefined 
at the early end, but it is often assumed in absolute 
chronologies [24,25] to extend back to 4.6 BYA. This 
assumption was explored by searching for evidence of 
buried impact basins, [3,4] in the largest occurrences 
of Early Noachian terrain. If such basins exist, they 
indicate crust which must pre-date the surface units 
mapped as the oldest on Mars, and those units must 
then be less than 4.6 BY old. We show that such older 
basins and crust do indeed exist. Also a number of 
Noachian terrains on Mars appear to have a common 
total (visible + buried) crater retention age. This might 
be either the age of an original (planet-wide?) crust of 
Mars, or may indicate crater saturation. 

Buried Basins near Hellas and Isidis: The two 
largest occurrences of EN materials on Mars are the 
basin rim materials of Hellas (Nh1, about 1.2 million 
sq. km) and Isidis (Npl1, about 0.6 million sq km). We 
searched MOLA data for Quasi-Circular Depressions 
(QCDs) >25 km diameter in the Hellas [3,4] and >15 
km in the Isidis [4,26] areas, and found a significant 
population of QCDs not visible on images that we 
assume are buried impact basins. Cumulative fre-
quency curve shape supports this assumption. 

The total (cumulative) population near Hellas is 
about 1.6 times the visible population [3,4]. Isidis 
[4,26] shows a total population about 3-3.5 times the 
visible population over the same diameter range. Our 
counts suggest Isidis rim material is younger than 
Hellas rim material in terms of visible crater popula-
tions, but has a larger buried population. The total 
cumulative populations for Hellas and Isidis rim mate-
rials are similar, implying a common age older than 
the Early Noachian visible crater retention age. 

Total Populations Compared: Figure 4 compares 
these total populations with other Noachian units, 
including MN Npl1 near Hellas and a very large “Ara-
bia” area (~17 million sq km, average MN age) used 
previously for comparison with our lowland study [2]. 
Because of its very large area, the “Arabia” statistics 
are very good, and the “Arabia” total population 
closely follows a –2 power law over the entire diame-
ter range 50-500 km. Over a more limited range 
where their smaller area statistics are also good, the 
total population curves for EN terrain at Isidis and for 
EN and MN terrain at Hellas closely overlap and fol-
low the same –2 slope as for “Arabia”.  In all three 
regions, despite radically different sampling areas, the 
total crater retention age is similar. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similar total crater retention ages could suggest  

either (a) a common age for the underlying surface 
which, if not the age of the primordial crust on Mars, 
is certainly older than the surface units mapped as 
Early Noachian, or (b) crater saturation [4,26].  To 

Figure 4: Cumulative frequency curves for total popu-
lations in Early and Middle Noachian terrains. See 
text for details.  Note common crater retention age for 
all areas where good statistics permit comparison. 
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test the second of these we show in Figure 5 the same 
total population data in an incremental frequency plot 
and compare it with curves of martian ages from [25].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Over the diameter ranges for which we have data 

the total population points define a straight line (red 
in Figure 5) which parallels a saturation curve, but 
lies above it. However, the curves in Figure 5 depend 
on a number of model assumptions, especially the 
scaling factor R. The absolute ages shown are proba-
bly accurate to a factor 2 [27]. Note our data does lie 
within a factor 2 of the saturation line in Figure 5. 
The total population data shown here may well indi-
cate saturation in the underlying crust [13,26]. It is 
interesting to speculate that data such as presented 
here, if supported by similar results from other Noa-
chian terrains around Mars, might be used to “cali-
brate” the model curves. 

Conclusions:  Buried impact basins on Mars pro-
vide evidence that: (1) The buried lowland crust is 
Early Noachian in age, slightly younger than the bur-
ied highlands but definitely older than the exposed 
highland surface. This constrains the mechanisms by 
which the crustal dichotomy formed and favors those 
which operate very early and very quickly. Impact 
processes may have been the cause of the lowlying 
topography in many areas.  (2) Very large visible ba-
sins show a depopulation (relative to a -2 power law) 
at intermediate diameters (1300 down to about 800 
km) that may be the signature of some early global 
scale event. The formation of the lowlands or Tharsis 

(or both) are obvious candidates.  (3) While most very 
large impact basins have few or no strong magnetic 
anomalies inside their main rings, the two oldest 
(based on superposed smaller basins) do have promi-
nent anomalies, suggesting they formed before the 
global magnetic field died. Weak anomalies in the  
“lowland-making” basins may indicate partial remag-
netization in  a dying field following formation of 
these intermediate age basins. (4) The oldest visible 
surface units are not the oldest crust and cannot date 
from 4.6 billion years ago. There is a “pre-Noachian” 
history recorded by buried basins found underlying the 
oldest visible terrains on Mars.  (5) A number of old 
terrains appear to have similar total population crater 
retention ages, which could be a common-age earlier 
crust or could indicate saturation cratering. 
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Figure 5: Incremental frequency curves for total popu-
lations for several Noachian terrains.  All plot on a 
line (red dots) parallel to but slightly above the satura-
tion line.  Curves from [10]. 
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    Introduction:  NASA’s restructured Mars Explora-
tion Program (MEP) is continuing to unfold with the 
implementation of the Mars Exploration Rover (MER) 
mission in summer of 2003, as well as with the 
continuing science mapping of the Mars Global 
Surveyor and Mars Odyssey orbiter. In addition, the 
latest US budget blueprint by the Bush Administration 
(FY04) indicates that the exploration of Mars will 
continue to be a priority within NASA’s Space Science 
Enterprise, further cementing the first decade of the 
new millennium as a prime time to understand the 
“habitability of Mars”, including key paleo-
environmental aspects of its biological potential. Over 
the course of the past year, an integrated team of 
scientists, engineers, and managers has crafted a next 
decade plan for Mars that covers the period from 2010 
to 2020. This paper describes the current program for 

scribes the current program for exploring Mars from 
the perspective of its guiding philosophies, major 
events, and scientific strategy. It describes a roadmap 
to the next ~ 20 years of Mars exploration from the 
NASA viewpoint. The next decade options associated 
with the MEP will certainly evolve in response to dis-
coveries, successes, and potentially to setbacks as well. 
However, the design of the newly restructured strategy 
is attentive to risks and a major attempt to instill resil-
iency in the program has been adopted. Mars beckons 
and the next decade of exploration should provide the 
impetus for a follow-on decade in which multiple sam-
ple returns and other major program decisions, includ-
ing human expeditions, are executed. Ultimately the 
vision to consider the first human expeditions to the 
Red Planet must be enabled. By the end of the first 
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decade of this program (2009), we may know where 
and how to look for the elusive clues associated with 
Martian biology, if any was ever established. 
 
    With the Viking missions of the mid-1970’s, the 
most intensive and comprehensive robotic expeditions 
to any Deep Space location in the history of humanity 
were achieved, with scientifically stunning results. 
Much has been written about what the Viking landers 
and their in situ biology experiments did not discover, 
but more should be recognized of the monumental leg-
acy of information Viking provided about Mars. Al-
though evidence of biological potential was not 
achieved, the Vikings developed both global and local 
“foundation datasets” describing the surface geomor-
phology, atmosphere, and basic state variables by vir-
tue of their multi-year presence in the martian “sys-
tem”.   

 
    Mars Exploration 1996 to 2010:    Begun in 1996, 
the Mars Surveyor Program (MSP) included missions 
to the Red Planet every opportunity and ultimately in-
cluded both orbiters and landers at a highly cost-
constrained pace. The addition of the Mars Pathfinder 
(MPF) to the line of missions to Mars in the middle-to-
late 1990’s began the revitalization of martian explora-
tion after the 20-year hiatus following Viking. Just be-
fore the launches of both the Mars Global Surveyor 
(MGS) and MPF in Fall of 1996, the discovery of 
nano-scale Carbon-related  features within a meteorite 
that was likely delivered from Mars to Earth (i.e., ALH 
84001) re-energized the international Mars community. 

 
    The Mars Pathfinder (MPF) successfully demon-
strated surface mobility on Mars as well as a novel and 
robust “entry-descent-landing” delivery system involv-
ing airbags to facilitate surface access. The Mars Path-
finder and its rover “Sojourner” opened the door to 
tele-robotic scientific exploration of Mars. Beginning 
in 1997, the Mars Global Surveyor (MGS) orbiter 
dramatically altered the scientific framework for under-
standing the planet. It is undeniable that MGS has re-
written the textbooks about Mars by discovering its 
relict magnetic field, quantifying its landscapes in 3D 
at geodetic precision, measuring its crustal structure 
(via combined gravity field and topography analysis), 
cataloguing its most compelling landforms including 
potentially water-formed gullies, and mapping the min-
eralogy of its surface on a global basis.   
 
    Following the successes of Mars Global Surveyor, 
the Mars Exploration Program (MEP) integrates the 
science “push” provided by MGS and the “Mars Rock” 
(ALH84001) with the technology “pull” required to 
implement advanced missions designed to address 

whether Mars has ever harbored life. In conceiving the 
new program, several guiding philosophies have been 
imposed. First, the program is to be science-driven, 
attacking key questions in a directed approach, with 
attention to both resiliency and responsiveness. Sec-
ond, the program is technology-enabled, building new 
technological capabilities as it pursues its science ob-
jectives in a step-wise, incremental fashion, rather than 
attempting to integrate several new technologies in a 
single step, as in previous architectures.    
 
    The present Mars Exploration Program is all about 
reconnaissance of Mars from an ever-changing array of 
vantage points, beginning with global and then targeted 
remote sensing from orbit, and continuing with surface-
based reconnaissance involving in situ sensors and 
experiments. By continuously refining our ability to 
measure, predict, and ultimately understand Mars, we 
can hone a vast array of scientifically interesting sur-
face localities to a manageable few. Then, intensive 
surface-based reconnaissance and “near sensing” can 
be used to set the stage for the campaign of sample 
returns that we will ultimately require to address ques-
tions requiring the finest measurement techniques 
available in Earth laboratories.   
 
  
    Exploration continues with the measurements being 
made by the Mars Odyssey mission, whose job it is to 
extend the legacy of MGS by exploring the elemental 
chemistry of the entire martian surface layer (~ upper 
meter), while searching for mineralogic indicators of 
water-processed materials at scales as small as the area 
explored by the Sojourner rover in 1997 (< 100m). 
Odyssey also serves as a part of the telecommunica-
tions infrastructure for Mars, by operating as a relay 
satellite for the data from the Mars Exploration Rovers 
(MERs). Landing on Mars early in 2004, the MERs 
will explore regions up to one hundred times larger in 
areal scale than that accomplished by the Mars Path-
finder, with an optimized set of geological sensors 
tuned to the rocks and soils we know to exist at the 
martian surface. These instruments can tell us about 
past climates, and ultimately whether water factored 
into the history of any of the near surface materials 
where they are landed. In addition, the MERs will pro-
vide ground truth for the remote sensing observations 
acquired by the MGS and Odyssey reconnaissance 
orbiters, as well as future orbiters such as the  2005 
Mars Reconnaissance Orbiter (MRO). MRO will carry 
a very high resolution imaging system capable of re-
solving features smaller than 1 m from orbit. A visible 
through near IR imaging spectrometer is carried that 
seeks to find, spectroscopically, evidence of persistent 
past liquid water on the surface. MRO will tell us 
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where we must go with future landed missions, starting 
in 2010.  In 2010, we expect to land a mobile science 
laboratory at one of the most compelling places we 
identify from earlier missions. The 2009 Mars Science 
Laboratory (MSL) conduct the most definitive in situ 
scientific experiments the science community is able to 
muster, with a concerted effort to search for the so-
called “missing Carbon” and other elemental, isotopic, 
and molecular building blocks of life.   
 
    In order to maximize responsiveness to scientific 
discoveries a fully competed, cost-constrained mission 
will also be implemented in the 2007 launch opportu-
nity. This “Mars Scout Mission” (MSM) will be the 
first of what we expect to be scientifically focused mis-
sions led by Principal Investigators and complementary 
to the “core” MEP missions. Mars Scouts could give us 
the ability to pursue riskier science investigations. Four 
finalists in the first MSM competition are currently 
engaged in intensive studies in preparation for final 
mission selection in the August 2003 time frame.   

 
    Plans for Mars Exploration 2010 to 2020:  The 
strategic plan for the next decade of exploration was 
developed in 2002 through a close collaboration of 
members of the Mars science community together with 
advanced mission planners, technologists, and Mars 
Exploration Program office. NASA specifically char-
tered a working group, the Mars Science Program Syn-
thesis Group (MSPSG), with synthesizing a broad 
range of planning guidance formulated in the recent 
past by the broad science and engineering communi-
ties, including explicit priorities for investigations cre-
ated by the Mars Exploration Program Analysis Group 
(MEPAG). Science priorities were coupled with stud-
ies of the technical and fiscal feasibility of the missions 
to Mars that would be needed to conduct the required 
measurements. It is NASA’s intent that the 2010 to 
2020 decade stand on the shoulders of the science in-
vestigations accomplished in the current decade. It 
recognizes that the remaining missions in this decade -- 
MER A and B, MRO, Mars Scout and MSL – will 
form the base of knowledge that comprises future ex-
ploration of Mars. 

 
    Recent missions, outlined above, have yielded a 
wealth of information, much of which indicates that 
Mars probably did not follow the path of climate evo-
lution described in even very recent models of the 
planet. Beginning with the Mariner ’71 mission, we 
have seen demonstrated repeatedly that steps of explo-
ration cannot be planned with great certainty. So it is 
with steps to be taken beyond 2010. Recognizing this 
reality of exploration, NASA’s MSPSG formulated a 
strategy for step-wise investigation that contains not 

just one but multiple, alternative lines of future investi-
gation. This approach, embraced by the group, replaces 
the fixed sequence of missions of earlier plans for 
studying Mars. The new strategy forecasts potential 
outcomes of early missions in order to predict the char-
acter of downstream missions. In effect, a sequence of 
decisions is envisioned, timed to coincide with the 
plausible acquisition of new knowledge that determines 
the scientific focus of future missions. This process 
moves the Mars Exploration Program closer to hy-
pothesis-based research. Because space exploration 
depends upon spacecraft developed over periods of 3 
to 5 years or longer, decisions on future directions of 
study necessarily impact investments in advanced tech-
nology. MSPSG describes the integration of scientific 
investigations and technology and mission develop-
ments as Pathways of exploration. 

 
    The principles driving the next decade of explora-
tion are: MEP will be scientifically balanced to the 
maximum extent feasible within resource constraints; 
and the overarching objectives for MEP are: Life, Cli-
mate, Geology, and Preparation for Human Explora-
tion. First among these objectives of nearly equal prior-
ity is Life. MSPSG defined four Pathways of explora-
tion that it perceives as likely to encompass the range 
of potential avenues of research for 2010 to 2020. The 
Pathways are: Search for Evidence of Past Life; Ex-
plore the Evolution of Mars; Search for Present Life; 
and Explore Hydrothermal Habitats. Each Pathway 
includes a sequence of investigations implemented 
through remote and/or in situ measurements. NASA 
selects instruments competitively.  Human expeditions 
could logically follow the missions in each of these 
four pathways, depending on what is learned and pro-
grammatic resources.   
 
    The 2009 landed mission, Mars Science Laboratory 
(MSL), occupies a unique position in future Mars ex-
ploration because it both concludes the currently 
planned missions and it initiates the Pathways of the 
next decade. As such, the MSPSG argued very strongly 
that MSL would be most beneficial to the next decade 
investigations if it were designed so that it can respond 
to knowledge gained from the investigations of the 
Mars Exploration Rovers (2003) and the Mars Recon-
naissance Orbiter (2005). 

 
    Mars sample return (MSR) continues to rank in the 
category given highest priority by the science commu-
nity. Because of the intrinsic limitations on scientific 
instruments that can be flown on spacecraft, some of 
the most critical measurements required for all Path-
ways ultimately depend on measurements made on 
returned samples in laboratories on Earth. However, it 
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has been evident to the science community for some 
time that resource constraints and a paucity of flight-
proven hardware for MSR argue strongly in favor of a 
mission of greatly reduced scope when compared with 
existing concepts for sample return. A new concept, the 
Ground Breaking MSR, which foregoes the rover-
based sample collection scheme, was judged by 
MEPAG to be a necessary compromise between sci-
ence and budget. Such a descoped mission could obtain 
Martian samples early in the next decade. The Ground 
Breaking MSR concept consists of a simple lander 
whose only tools is an extendable arm with very simple 
sampling devices. . The absence of mobility is accept-
able because the mission would visit a site that has 
been previously characterized as exceptionally interest-
ing by earlier Pathway landed or orbital missions. It is 
important to note that success of a Ground Breaking 
MSR would not diminish the critical scientific need for 
a future MSR with Rover to gain access to diverse 
samples and water-lain deposits. 

 
    Whatever we may learn, the ongoing Mars Explora-
tion Program will assuredly offer scientific and educa-
tional opportunities for an expanding community of 
interested people, and grow a new generation of Mars 
experts, from school children to leading scientists, en-
gineers, and managers. Our aim has been and will re-
main to maximize inclusiveness and participation and 
the MEP as it is presently unfolding is delivering on 
this promise. 
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CRATERS ON MARS: GLOBAL GEOMETRIC PROPERTIES FROM GRIDDED MOLA
TOPOGRAPHY.  J. B. Garvin1, S. E. H. Sakimoto2, and J. J. Frawley3, 1 NASA Headquarters Office of Space Sci-
ence, Code SE 300 E. Street SW Washington DC  20546, jgarvin@hq.nasa.gov, 2GEST at the Geodynamics Branch,
Code 921, NASA Goddard Space Flight Center, Greenbelt, MD 20771, sakimoto@geodynamics.gsfc.nasa.gov,
3Herring Bay Geophysics at NASA Goddard Space Flight Center, Greenbelt, MD 20771.

Introduction: Impact craters serve as natural
probes of the target properties of planetary crusts and
the tremendous diversity of morphological expressions
of such features on Mars attests to their importance for
deciphering the history of crustal assembly, modifica-
tion, and erosion.  This paper summarizes the key
findings associated with a five year long survey of the
three-dimensional properties of ~ 6000 martian impact
craters using finely gridded MOLA topography.  Pre-
vious efforts [Garvin et al. 2000, Garvin et al., 1998]
have treated representative subpopulations, but this
effort treats global properties from the largest survey
of impact features from the perspective of their topog-
raphy ever assimilated.

With the Viking missions of the mid-1970’s, the
most intensive and comprehensive robotic expeditions
to any Deep Space location in the history of humanity
were achieved, with scientifically stunning results as-
sociated with the morphology of impact craters. The
relationships illustrated in Tables 1 and 2 suggest that

martian impact features are remarkably sensitive to
target properties and to the local depositional proc-
esses.

Basic Geometric Properties: Martian craters have
been studied previously from the standpoint of mor-
phology with simple, yet rigorous treatment of crater
aspect ratios, cast as crater depth d versus crater di-
ameter D (d/D).  We have previously described the
rigorous set of geometric properties (i.e., Garvin et al.
2000) that we have semi-autonomously measured from
MOLA topographic grids with horizontal resolution in
the 0.1 to 1 km range, depending on latitude.  First we
treat an example to illustrate our approach.

Simple craters: Figure 1 shows an example of a
fresh simple mid-latitude crater in Elysium Planitia
midway between Elysium Mons and Isidis Basin
within the southernmost reach of the grooved member
(Hvg) of the Vastitas Borealis Formation. The crater is
small enough and near enough the equator that the
MOLA gridded data is inadequate for detailed obser-

Table 1. Diameter Dependent Impact Crater Parameters and Relationships
Parameter Simple cra-

ter relation-
ship

Complex
crater rela-

tionship

Large crater
relationship

Comments

depth d d=0.21D0.81 d=0.36D0.49 Fit to profile data for simple craters, DEM data for
complex and large craters.

Rim height H h=0.04D0.31 h=0.02D0.84 h=0.12D0.35 Complex 7-100 km, large >100km. Used DEM
and Profile data.

Central Peak
Height

hcp — hcp=0.04D0.51 — Not done for large or simple craters. Complex
range 7-100 km.
Used DEM and Profile data.

Central Peak
Diameter

Dcp — Dcp=0.25D1.05 — Not done for large or simple craters. Complex
range 7-Used DEM and Profile data.100 km.

Cavity Shape z z=0.204x1.76 z=0.008x2.65 — These are for profile data, for the function z=kxn

as discussed in the text. Preliminary simple crater
DEM data fit: z=0.21x1.68, and complex crater
DEM data fit z=0.014x2.34

Cavity shape
fit coefficient

k k=0.76D-1.17 k=5.62D-2.51 — z=kxn,  for profile data “good” fits

Cavity shape
fit exponent

n n=1.04D0.366 n=1.62x0.14 — z=kxn,  for profile data “good” fits. For
“good+fair” (includes central peak and polar filled
craters) and “good+fair+poor” fits, the simple
crater relationship does not significantly change,
while the complex fit changes to n=1.88x0.10 and
n=2.10x0.07, respectively.

Inner Cavity
Wall Slope

s s=28.40D-
0.18

s=23.82D-0.28 — Complex craters 7-100 km. Simple fit to profile
data. Complex fit is to DEM data. Note offset of
fits at transition.
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vations, and the topographic parameters are primarily
derived from MOLA profile data. In the Viking Orbiter
image shown, the rim is clearly well-defined, and the
ejecta show a modest rampart suggesting a single
layer, as is also apparent in the MOLA profile data.
This crater displays a cavity shape midway between
parabolic and conical. In terms of cavity shape, k=0.31
and n=1.35 for this crater. At 1385 m deep for its 6.2
km diameter, the depth/diameter ratio (d/D) for this

feature is 0.2234, which is around 400 m deeper than
that predicted by the global data (Table 1). This can be
interpreted as either the crater being younger (and less
filled) that the majority of the population used to de-
rive the global fits, or perhaps as an indication that the
target materials were conducive to enhanced excava-
tion during crater formation. In general, we have found
that the Vastitas Borealis Formation, which is included
in unit 4 of our geologic unit analysis (above), has

Table 2. Geologic Unit for MOLA Gridded Data
Unit # Simplified unit description Simple Craters, all

DEM data
Simple Craters, top 25%

DEM data
1 Amazonian Surficial and Fluvial materials, Valles Marin-

eris Floor materials, Polar Deposits, Medusae Fossae
Formation, and Hesperian Fluvial Materials

d = 0.001 D 3.97    (44) d = 0.17 D 0.79     (8)

2 Amazonian Volcanic Plains d = 0.156 D 0.74    (46) d = 0.23 D 0.74    (8)
3 Amazonian Volcanic Assemblages d = 0.165 D 0.73    (88) d = 0.35 D 0.46    (16)
4 Hesperian Northern Plains and Dorsa Argentea Formation d = 0.282 D -0.11    (85) d = 0.01 D 2.62    (13)
5 Hesperian Volcanic Assemblages d = 0.074 D 1.08    (110) d = 0.21 D 0.68    (17)
6 Hesperian Plateau Sequence, Highly Deformed Materials,

Amazonian and Hesperian Hellas Assemblage
d = 0.189 D 0.58    (122) d = 0.18 D 0.78    (21)

7 Noachian Plateau Sequence d = 0.168 D 0.56    (170) d = 0.21 D 0.69    (28)
8 Noachian Highly Deformed Materials d = 0.367 D 0.1    (81) d = 0.23 D 0.61    (16)
9 Craters d = 0.18 D 0.51     (104) d = 0.24 D 0.63    (18)

Global
weighted

Fits to global DEM data for simple and complex craters
weighted by measured number of craters per unit.

d = 0.18 D 0.71    (850) d = 0.21 D 0.84    (145)

Global Fits to global profile (simple craters) and DEM (complex
and large craters) data.

d = 0.21D0.8    (2263) d = 0.21 D 0.81    (469)

Units and Descriptions summarized from Scott and Tanaka, [1986], Greeley and Guest, [1987], and Tanaka and Scott, [1987]. ([4-6] The
number in parens following each fit indicates the approximate number of craters the fit is based upon.
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Figure 1.  Fresh midlatitude simple crater 6.6 km in diameter in Elysium Planitia in the Vastitas Borealis Formation. On the
left, Viking Orbiter image 538A20 at 152 m/pixel, with MOLA pass 13745 (orbit 13749) registered to the image and shown
in yellow with  V.E. =10. The pass location is shown in red on the image, and the elevation scale is indicated in meters per-
pendicular to the pass location trace. On the right is a crossover corrected MOLA grid at 256 pixels per degree latitude and
128 pixels per degree longitude.  The MOLA topography scale is inset into the bottom of the grid, and the pass coverage is
inset into the top right of the grid. While coverage does not fully resolve the circularity of the rim, the ejecta rampart (indi-
cated by black arrows) is partially resolved. (Diameter: 6.2 km, depth = 1385m; Rim height 261m, d/D=0.2234, cavity vol-
ume=17.2 km, cavity shape = k=0.31, n=1.35, rampart heights measured as 15 and 30 m (N and south, respectively)
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slightly shallower craters than the global average for
craters less than about 50 km in diameter (see Table
2), so in this case target property effects could perhaps
be explained by weak, easily excavated materials. In-
deed, as Table 2 suggests, surficial units likely to rep-
resent less well consolidated materials are relatively
less deep at higher energies (i.e., crater diameters) than
their competent unit counterparts.  Simple Amazonian
craters such as that illustrated in Figure 2 (i.e., within
Amazonis Planitia), are reminiscent of lunar craters
such as Linne, and display conical cavity geometries
with steep inner cavity walls slopes (i.e., up to 16-20
degrees).  Such craters are relatively rare on Mars in
the broad survey of simple craters we have conducted
with MOLA topographic data (profiles and grids
where possible).  We have begun interpolating MOC
2-5 m imaging data atop 100-500m scale MOLA to-
pographic grids to provide more quantitative insights
into the behavior of fresh simple craters on Mars, es-
pecially across “softer” units such as #4 above.

Conclusions: The wealth of new Martian topog-
raphic data allow study of martian craters at a level of
detail and rigor unprecedented in planetary sciences.
The global database of thousands of topographically
characterized craters generated is revealing aspects of
crater topography and target properties that may affect
areas of Mars research from surface ages and proper-
ties to the mechanics of cratering. This progress report
only highlights a few of the observations and correla-
tions we have developed for our dataset.
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Figure 2. a simple crater with MOLA topography
and MOC image coverage.
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Introduction: In the early seventies, the possible 

existence of CO2 hydrates on Mars was proposed 
[e.g. 1]. Recent investigations show that clathrates 
could exist in a large volume of the Martian regolith 
at all latitudes, for all the present mean annual 
surface temperatures [2]. Unfortunately, there is 
limited information about their physical properties 
and the physical chemistry of the formation and 
decomposition kinetics at Martian conditions. This 
paper comes to shed more light on those processes, 
presenting our results from the experiments on 
formation kinetics and micro-structural observations. 

Table 1 
 H2O CO2 Hydrate 

V ↔ S ± 51.4 ± 28.13 --- 
L ↔ S ± 6.04 --- --- 

H↔S+G --- --- ± 24.53§§ 
H↔L+G --- --- ± 68.7§§§ 

 
Results and discussion: 
Neutron diffraction: Guided by the relevance of 

clathrate hydrate formation from water ice for Mars, 
a series of kinetic in-situ neutron diffraction 
experiments for CO2 hydrate formation at 263 K, 253 
K and 230 K were performed (Fig. 1).  

                                                

As a starting 
material, D2O ice Ih spherical grains with a specific 
surface area of 750 cm2/g were used. The large and 

well-defined surface turned out to be essential for a 
quantitative analysis. Moreover, Staykova et al. [20] 
showed that there was no significant difference 
between the activation energies for CH4 hydrate 
formation from D2O and H2O ice.  The goal of these 
three runs was to obtain a first idea about the time 
scale of the reactions at those conditions. For the 
analysis we use a multistage model [16, 17] for the 
hydrate formation to find the activation energy of the 
process. Using this activation energy and putting it 

Possible importance of CO2 hydrates: 
Polar caps: The Martian polar caps are believed 

to consist of water ice, solid CO2, CO2 clathrate and 
dust in unknown proportions, probably different for 
both caps. CO2 clathrate is the strongest of the three 
ices possibly affecting the rheologic properties [3-6] 
as suggested for the polar ice layers on the north [7] 
and the south polar caps [8]. Moreover, the higher the 
CO2 hydrate quantity in the cap, the longer the period 
needed for establishing a steady-state geothermal 
gradient in the inner parts of the caps, which would 
affect the process of their basal melting [4, 5]. This 
follows from the fact that the hydrates are 
approximately 5 times better thermal insulators than 
the ice.  

Terra formation: Some authors [e.g. 9-12] 
suggest a fast CO2 hydrate decomposition, driven by 
some catastrophic events (such as meteorite impacts§ 
or volcanic eruptions) to be the reason for the 
formation of the chaotic terrains and outflow 
channels, pancake-dome structures and northern plain 
deposits. They usually assume the existence of some 
layered or mixed underground deposits of ice + CO2 
hydrate. 

Fig. 1 A comparison between the reaction rates in the
three runs. The reaction at 253 K at some stage exceeds
the one at 263 K because of the higher excess fugacity
in the first case. 

Climatology: In Table 1 are represented the 
values of the specific latent heat [kJ/mol] of different 
phase transition processes between liquid (L), vapor 
(V) and solid (S), which can occur on Mars (H for 
hydrate). It is obvious that sublimation-condensation 
cycles can transport large amounts of heat involving 
pure water and CO2 ice as well as CO2 hydrate. 
However, if CO2 hydrates are present on Mars in 
large quantities the extended stability regions for CO2 
in condensed form would alter the geographic 
localities of heat redistribution.  

§§ Represents the latent heat of hydrate formation / 
decomposition from / to ice + gas (After [14])                                                  

§ Such an impact can create a local overheating of 
more than 1600 K [13] 

§§§ Represents the latent heat of hydrate formation / 
decomposition from / to liquid + gas (After [15]) 
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into the previously mentioned model, we extrapolate 
the parameters of the reaction at Martian conditions. 
The model divides the formation process into three 
stages: I stage: ice surface coverage with a hydrate 
film; II stage – reaction limited: depends on the gas 
and water redistribution across the phase boundaries 
and III stage: affected or fully controlled by the 
water and gas mass transport through the hydrate 
layers, respectively from and to the inner parts of the 
original ice grains. 

Gas consumption: A series of in-house formation 
kinetic experiments at low temperature were 
performed to complement the neutron diffraction 
experiments. The results were obtained via 

calculation of the gas consumption during the 
formation process. Here are presented two runs at 
203 K and 193 K (Fig. 2). 

Results of the kinetic experiments: Applying the 
model of Salamatin & Kuhs for the second stage of 
the reaction, values for the rate coefficients for the 
different reactions were obtained (Fig. 3). Initially, 
we assumed that the activation energy obeyed the 
Arrhenius equation: 

k = A.exp(-Ea/RT) 
If this assumption was correct, all the points from 
Fig. 3 would lay on the same line. A huge bias, of the 
two points at 272 K and 263 K, from the linear fit is 
observed. This can be explained with the fact that a 
quasi-liquid layer (QLL) with a significant thickness 
appears on the ice surface at temperatures, close to 
the melting point. The thickness of the layer 
decreases with the temperature and at –20oC (253 K) 
becomes negligible [18]. The existence of such a 
QLL will lead effectively to hydrate formation from 
“liquid” and gaseous substances. This certainly can 
change dramatically the energy balance (see Table 1) 
of the reactions occurring in this temperature interval 
causing the observed bias. The other points, from 193 
K to 253 K are perfectly described by a linear 

function. From the slope of this fit, the value of the 
activation energy was obtained to be Ea = 15.1 
kJ/mol (3.8 kcal/mol). A model prediction about the 
hydrate development at 150 K and 6 mbar pressure, 
based on this activation energy, was made (Fig. 4). 
The simulation was performed for a period of 
approximately one month. Two regions can be 
distinguished: a steep one, corresponding to the first 
stage of the reaction and a linear one, corresponding 

to the second stage. The second stage seems to be 
reached after about 400 hours and at that moment, the 
hydrate content will be around 8 % of the available 
ice. At this point one can start to think that the 
amount of hydrate, if exists at all, will be negligible. 
But this would be true if we had a steady-state ice 
polar cap (which is not the common opinion), 
suddenly exposed to the influence of the CO2 
atmosphere. In fact, water frost is continuously 
deposited on the cap, which provides new surface for 
hydrate formation. If the rate of deposition of the ice 
is comparable to the hydrate formation rate for the 
first stage of the reaction, then this may lead to the 
limiting case of a complete transformation of the ice 
into hydrate. This could have been the case in some 
periods of the Martian history, which may have 

Fig. 3 Plot of the model results for the reaction rate
coefficients vs. the temperature, for the second stage of
the formation.

Fig. 2 A comparison between the reaction rates in the
runs at 203 K and 193 K. 

Fig. 4 A model prediction for the reaction development 
at Mars surface conditions.
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caused the formation of layers, consisting basically of 
hydrate. 

Field Emission Scanning Electron Microscopic 
(FE-SEM) observations: The microstructure of the 
hydrates could affect their physical properties. 
Moreover, some time ago it was reported that gas 

hydrates formed from ice frequently have a porous 
sub-micron structure [19]. A large number of FE-
SEM pictures of the prepared samples was taken. The 
porous structure was confirmed and further analyzed. 
It can be described as solid and partially open foam. 
An attempt for quantitative description was made 
(See Fig. 5) and a lognormal distribution of the 
bubble diameters was obtained (Fig. 6). 

The foam-like structure can add to the large 
difference between the hydrate and ice thermal 
conductivities and, furthermore, it can certainly affect 
the clathrate decomposition kinetics. Staykova et al. 
[20] confirmed that from ice and gas usually porous 

hydrates are formed, while there is some evidence 
that dense (non-porous) hydrates are formed from a 
co-condensation of water vapor and gas. The porous 
nature of CO2 hydrates will certainly influence the 
remote detection of clathrates because of the different 
reflectivity. 
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SOUTH CIRCUMPOLAR ICE SHEET ON MARS: REGIONAL DRAINAGE OF MELTWATER
BENEATH THE HESPERIAN-AGED DORSA ARGENTEA FORMATION. Gil J. Ghatan, and James W.
Head, Department of Geological. Sciences, Brown University, Providence, RI 02912, USA, Gil_Ghatan@Brown.

Introduction and Background:
The south polar region of Mars is currently the site of an

expansive ice cap, covering an area of approximately 1.42 x
106 km2, and composed of two mapped units: Api, a residual,
high albedo unit; and Apl, a lower albedo unit that underlies
Api, and in places displays bright and dark layering [1]. Age
constraints on the present polar cap obtained from crater reten-
tion have attributed a surface age for the deposits to the up-
permost Amazonian [1, 2].

Surrounding the present polar cap, are a series of deposits,
which together compose the Dorsa Argentea Formation.
Originally mapped as two units (an upper and lower member)
[1], the DAF is asymmetrically distributed about the current
polar deposits, forming two main lobes, one centered about
0W longitude and one about 70W longitude (Figure 1), cover-
ing an area of 1.52 x 106 km2. The DAF is thought to likely
underlie the current polar cap, which would make the unit a
circumpolar deposit, with a total area of 2.94 x 106 km2 [3].
Crater counts have attributed a Hesperian age to the DAF [1,
4].

Three different scenarios have been proposed to explain
the nature and origin of DAF and associated features:

1) In 1987, Tanaka and Scott [1] proposed that the units
they mapped as the DAF likely formed from lava flows. They
based this hypothesis on the smooth texture of the deposits,
and the lobate fronts of some of the unit margins. In a search
for a source vent they identified a possible shield structure
located 50 km south of Cavi Sisyphi.

2) In 2001, Tanaka and Kolb [4] used MOLA and MOC
data and proposed a new origin, which is a variant of the vol-
canic model of Tanaka and Scott . Their new model proposes
the expulsion of fluidized, volatile-rich subsurface regolith
material, released to the surface via “instabilities” and “trig-
gering mechanisms”. Their model is largely based on the
theorized accumulation of expansive subsurface aquifers of
H2O and/or CO2 in the south polar region during the Noa-
chian. During the Hesperian, triggering mechanisms such as
impact induced marsquakes or intrusive magmatism, crack
these aquifers and release widespread, volatile-laden regolith
debris flow onto the surface to form the DAF deposits and
associated features.

3) In 2001, Head and Pratt [3] proposed a third and sepa-
rate scenario for the origin of the DAF. In their model, the
DAF represent the deposits from melting and retreat of a pre-
viously widespread circumpolar ice sheet. Evidence presented
by Head and Pratt to support the ice sheet hypothesis in-
cludes: i) sinuous ridges within the margins of the DAF inter-
preted to be the Martian equivalent of terrestrial esker systems,
ii) sinuous channels that lead away from the margins of both
the 0W and 70W lobes of the DAF and terminate in the Ar-
gyre Basin, interpreted as evidence for lateral transport of
significant volumes of meltwater away from the area, iii) a
smooth floored, low-lying, topographically enclosed valley
located at the margins of the DAF interpreted as evidence for
ponding of meltwater along the edges of the deposit, iv) pits
and cavi located within the DAF interpreted as evidence for
volatile loss and vertical degradation of the deposit, and v)
pedestal craters within the margins of the DAF which further
argue for vertical degradation and volatile-loss.

Additional work has been done since that of Head and
Pratt [3], which further supports the ice sheet hypothesis.
Ghatan and Head [5] performed a detailed investigation of a
series of massifs (Sisyphi Montes) located within the 0W-lobe
of the DAF and interpreted the mountains as subglacial volca-
noes that erupted into a thick Hesperian-aged ice sheet, possi-
bly resulting in local meltback. A study by Milkovich et al. [6]
provides evidence for extensive, lateral migration of meltwater
away from the eastern margins of the 0W-lobe, down into the
Prometheus basin. Ghatan et al. [7] have examined the Cavi
Angusti area of the 70W-lobe in detail, and have interpreted
the collection of irregularly shaped, steep-sided basins as hav-
ing formed from volatile loss due to a combination of heating
associated with intrusive and extrusive magmatic activity.
Extrusive magma/ice interaction within these basins is evi-
denced by the presence of centrally located edifices within
many of the basins, which are similar in morphology to terres-
trial subglacial volcanoes. Also, recent work by Dickson and
Head [8] has shown a significant similarity between a series of
pits and grooves located at the northern margin of the Cavi
Angusti area on the 70W-lobe and terrestrial kettle holes and
sapping channels, often found at the margins of retreating ice
sheets. Taken together, the host of features associated with the
DAF, strongly support the former presence of widespread
circumpolar ice sheet.

Here we will further test the ice sheet hypothesis by exam-
ining the relationship between two of the five external drain-
age channels with the DAF deposits. Specifically we will
examine the head regions of Channels 2 and 4 as enumerated
by Head and Pratt [3].

Description and Interpretation of the Channel Head Re-
gions:
Channel 4 (Doanus Valles):

Figure 2 shows a zoomed in view of the area where Chan-
nel 4 emerges. In this view the sinuosity of the channel can be
clearly seen, as can the manner in which the channel carves
out terrain around impact craters, and passes through the high
standing Noachian topography that abuts the 0W-lobe. Fol-
lowing the eastern-most portion of the channel into the DAF
several pits are observed that are carved into the local deposits
of the DAF.

The unit of the Dorsa Argentea Formation into which the
pits are carved composes the Sisyphi member (Hds) of the
Dorsa Argentea Formation as mapped by Tanaka and Kolb [4]
using MOLA data (green unit in Figure 1). The unit is wide-
spread throughout the poleward portions of the 0W-lobe, as
well as along the western margins of the 0W-lobe, and sits
topographically higher than all other members of the DAF as
mapped by Tanaka and Kolb except for the Cavi Member
(Cavi Angusti area) and the adjacent rugged member. Hds
weaves in and out among the Sisyphi Montes (candidate sub-
glacial volcanoes), and has lobate fronts, which were the pri-
mary basis for the volcanic origin as proposed by Tanaka and
Scott [1], and are a primary factor in the volatile-rich debris
flow model as proposed by Tanaka and Kolb  [4].

In places the lobate fronts of this unit parallel the margins
of nearby topographic highs, separated from the unit by sev-
eral tens of kilometers (Figure 3). This relationship is difficult
to explain by a flow-related origin, and is more consistent with
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a layer that has retreated from the direction of the wall. In the
context of the ice sheet hypothesis, this widespread unit repre-
sents the volatile-rich deposits of the previously widespread
circumpolar ice sheet [3, 5]. Following melting, retreat, and
thinning of the original ice sheet, this unit was emplaced.
Where the unit is absent within the margins of the DAF, melt-
ing, retreat, and thinning completely removed all remnants of
the ice sheet, and have left modified terrain (e.g. the topog-
raphically lower lying members of the DAF as mapped by
Tanaka and Kolb [4]) and unit Hpl3 as mapped by Tanaka and
Kolb (previously part of the DAF as mapped by Tanaka and
Scott [1]).

The pits near the head of Channel 4 are carved into this
volatile-rich unit. These pits appear on trend with the channel,
are generally elongated in the direction of the channel, and
some appear sinuous. The pits range from 10 to 30 km wide,
and have basal elevations that are coincident with that of the
channel. What is the relationship between these pits and
Channel 4? Could the pits represent the expression of the
channel within the DAF? We suggest that the pits formed via
surface collapse due to basal drainage of meltwater underneath
these portions of the DAF, ultimately draining into the Argyre
Basin along Channel 4. As meltwater drained along the base
of the DAF towards the edge of the deposit, partial collapse of
the overlying material could have occurred, thus creating the
observed pits. Alternatively, partial collapse of the deposit
could have occurred sometime after all meltwater drainage had
ceased.

Channel 2 (Surius Valles)
Figure 4 shows a zoomed in view of the area in and

around the head region of Channel 2. The area is dominated
by the basins of Cavi Sisyphi, which are irregularly shaped,
have steeply sloped walls (~11 degrees), are approximately
500 m deep, and vary in size from a few km up to around 100
km. These basins are carved into the same widespread mem-
ber of the DAF (Hds) into which the pits near Channel 4 are
carved. In the middle of the scene is shield structure with
heavily dissected flanks, which was proposed as a possible
source vent in the volcanic model for the DAF [1]. Figure 4
clearly shows the distribution of these basins as well as the
manner in which they loop down from the area of the 0W-
lobe, break around the area of high topography associated with
the shield in the middle of the scene, and transition into Chan-
nel 2. This general relationship between the Cavi Sisyphi
basins and the channel is similar to that observed among the
pits and Channel 4. We suggest that meltwater draining from
the area of the 0W-lobe traveled away from the area along the
base of DAF in the area occupied by the Cavi Sisyphi basins,
ultimately draining into the Argyre Basin along Channel 2,
and that the basins formed via surface collapse.

Within some of the basins of Cavi Sisyphi we observe iso-
lated sinuous ridges along the floors, which in places disap-
pear underneath the surrounding deposits of Hds (Figure 5).
These ridges parallel the trend that would be expected for
meltwater draining away from the 0W-lobe through the basins.
How do these sinuous ridges compare to the other sinuous
ridges within the DAF that have been interpreted as eskers
[3]? The elevation of the basin floors containing the sinuous
ridges is coincident with the elevation of the valley containing
the esker-like ridges. The ridges in the basins are similar in
dimension and morphology to the esker-like ridges, and dis-
play similar topographic profiles. In places the ridges on the
basin floors extend up local topographic gradients, consistent

with an esker scenario. Additionally, the ridges in the basins
are located beneath a unit thought to represent the deposits
from an ice sheet, also consistent with an esker origin. To-
gether these factors support the interpretation of the ridges
within the Cavi Sisyphi basins as eskers, which further support
an origin for the basins due to surface collapse via basal drain-
age of meltwater.

Summary and Conclusions:
Here we have attempted to further test the ice sheet hy-

pothesis for the DAF and associated features by examining the
relationship between the external drainage channels and the
margins of the DAF. Our investigations find that the head
regions of the drainage channels do not extend into the DAF.
This relationship rules out a scenario whereby the channels
postdate emplacement of the DAF. The presence of pits and
basins that appear to line up and transition into the channels
suggests that drainage with the DAF occurred along the areas
occupied by the pits and basins, and that when water reached
the margins of the deposit it carved out the external drainage
channels. The presence of basins as opposed to a continuous
internal channel argues that internal drainage occurred along
the base of the deposit. This scenario is further supported by
the presence of sinuous ridges within some of the basins that
are similar to other ridges within the deposit interpreted as
eskers.

This examination of the relationship between the external
drainage channels and the margins of the DAF where the
channels begin supports a scenario for the origin of the DAF
and related features associated with the emplacement, melting
and retreat of a previously widespread circumpolar ice sheet.
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Figure 1: Shaded relief image of the south polar region between 0 and 90W longitude. Blue line marks margins of the DAF as
mapped by [1]. Green unit marks location of Sisyphi member of DAF as mapped by [4]. Red areas mark the location of candi-
date subglacial volcanoes [5]. White lines show locations of the external drainage channels (dotted where faded or difficult to
distinguish and numbered according to [3]).  Black boxes show locations of figures 2, 3 and 4.

Figure 2: Detailed MOLA view of head region of Channel 4. Figure 3: Detailed view of margin of Sisyphi member of DAF.
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Figure 4: Detailed MOLA view of the head region of Channel 2. The distribution of the basins of Cavi Sisyphi is clearly seen, as
is the manner in which they loop down from the direction of the 0W-lobe of the DAF, break around the area of high topography
associated with the shield structure in the middle of the scene, and transition into Channel 2.

Figure 5: Zoomed in view of Cavi Sisyphi basins containing
sinuous ridges along their floors. The ridges can be seen to
disappear underneath the local deposits of the DAF (here
Hds).
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Introduction 

Thermal evolution models provide insights 
into a wide spectrum of questions related to the 
evolutionary history of Mars ranging from the 
processes of core, crust and mantle separation, to 
formation of the hemispherical dichotomy and 
the Tharsis region [1]. Accretion models of Mars 
[2] in the 1970’s based on the work on  [3] 
estimated a timescale of accretion of Mars 
between 100 – 1500 Myrs. Thus, early thermal 
evolution models of Mars [4] assumed cold post-
accretion initial temperatures. Dynamical 
modeling by [5] suggested significant heating by 
large impacts during accretion, leading thermal 
modelers (e.g. [2]) to construct models for an 
initially hot Mars. Most thermal models until 
now have retained the assumption of ~100 Myr 
accretion timescale, and consequently have 
considered heating only by long-lived 
radionuclides. Another category of models 
computed thermal histories of early Mars by 
taking into account the impact energy and/or the 
heat of core formation [5,6]. Theoretical support 
for rapid accretion was provided by recognition 
of "runaway growth," that allowed bodies in a 
planetesimal swarm to attain large sizes before 
velocities are stirred up, in a shorter interval of 
time than previously recognized [7,8].  Plausible 
swarm parameters allow runaway embryos to 
grow as large as Mars on a timescale ~1 Myr or 
a hundredth of the time thought by [3]. [9] 
suggested that Mars might be a surviving 
embryo produced by runaway growth.  The idea 
of faster accretion and differentiation is 
supported by a host of isotopic systems 
[10,11,12,13,14]. Hf-W systematics indicate that 
accretion, core segregation, and large-scale 
silicate melting on Mars was complete by ~10 
Myrs with respect to CAI formation.  A possible 
explanation for silicate depletion (relative to 
metal sulfide) and planetary density for Earth 
and Mars might be the lack of a protracted 
accretion stage (that produces giant impacts) for 
Mars [15]. The fast accretion of Mars in 
timeframes of ~1 Myr brings into play a 
significant role for 26Al in early thermal 
evolution, since the heat generated per unit mass 
per unit time by this radionuclide is greater than 

the combined heat produced by all other short- 
and long-lived radionuclides, for at least the first 
5 Myrs after CAI formation.  
Accretion and its effect on the thermal history 
of planetesimals 

[16,17] put forward the first thermal model 
that takes into account the heat budget during the 
accretion process. We showed that the nature of 
the accretion process profoundly affects thermal 
history for Asteroid 6 Hebe. In contrast to results 
from instantaneous accretion models (that 
assume the asteroid to be fully formed at the start 
of the simulation), [17] show that it is possible 
for an asteroid to reach its peak temperature 
during accretion. The times at which different 
depth zones within the asteroid attain peak 
metamorphic temperatures may increase from 
the center to the surface in certain cases, whereas 
in instantaneous models the opposite relation is 
observed. Instantaneous accretion models predict 
a dominance of type 6 material; in incremental 
models, the volume of high-grade material in the 
interior may be significantly lower. Depending 
upon the times at which accretion initiates and 
ends, the thermal history of Hebe is found to 
vary. The variation of thermal history with the 
nature of the process of accretion is observed 
since the timescale of accretion and the timescale 
of decay of the heat source are comparable. The 
thermal history of Mars, in contrast, to Hebe, 
would involve a host of complexities including 
core formation, crust separation, mantle and core 
convection, impacts, etc.: Yet, the study of Hebe 
points to why it is necessary to evaluate the 
effect of early accretion on Mars. 

 
Present Approaches and the early thermal 
history of Mars 

 The classical Mars thermal models [1] 
start out with a differentiated planet with a 
mantle and a crust and an assumed initial 
temperature of 1500 – 2000 K: so such models 
give no information about the early thermal 
history, but instead try to address problems 
related to the long term cooling of the planet.  
Mantle convection is thought to shape the 
cooling history of planetary interiors. The 
simplest picture is a planet that cools 
monotonically with time. As discussed in detail 
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in [18], these scenarios make several 
assumptions, and have certain drawbacks. For 
example, it is assumed that convection heat flux 
is proportional to temperature, since mantle 
viscocity is proportional to temperature. 
Approximately, every 100 K increase in 
temperature doubles the heat flux. However, 
convection scaling laws do not explicitly account 
for melting. The deviation is greater and will be 
crucial factor when modeling the early thermal 
history of Mars. Also, this form of convection 
does not take into account any phase transitions, 
differentiation or compositional layering. The 
last two factors will be critical if Mars accreted 
early and 26Al was still live. Thus, 
differentiation at, say 2 Myrs., will produce a 
large difference in the heat generated per unit 
time per unit volume between the core and the 
mantle (because the core will not have any live 
26Al and the mantle will have considerable 26Al 
abundance.) 

 
Approaches 
We have approached the problem in two ways: 

Model A: We have modeled Mars using an 
incremental accretion thermal model with Stu 
Weidenschilling incorporating results from the 
multizone accretion code.  

Model B: We have also reevaluated [18] 
taking into account the effect on 26Al in a 
scenario of early accretion of Mars. 

  
Methods: Model A 

   We use a finite element code to solve the 
heat transfer equation. The radius of Mars is 
assumed to increase according to the output of 
the multizone accretion code [19], taking into 
account the heat released by impacts. Half of the 
total energy generated by impact is assumed to 
uniformly dissipate in the accreted layer. We 
take into account the heat released by the decay 
of short-lived (26Al, 60Fe) as well as long-lived 
(U, K, Th) radionuclides. The planet is assumed 
to stay undifferentiated through the first 5 Myrs 
relative to CAI formation. 
 
Results: Model A 

    We constrain maximum temperatures 
produced in a model of incremental accretion as 
a function of time at which accretion initiates 
with respect to CAI formation (T[acc]) and the 
duration of the accretionary epoch (T[dur]). The 
minimum time required to accrete a Mars-size 
body at its orbital location is ~0.9 Myrs 

according to the multizone code [19]: this sets 
the lower limit for T[dur]. For values of T[acc] < 
2 Myrs, the maximum temperature is much 
higher than the melting point of silicates. 
Temperature profiles in each of these cases show 
that the entire planet will experience 
temperatures that produce complete melting. For 
values of T[acc]> 2 Myrs, maximum 
temperatures are greater than the melting 
temperature, but the temperature profiles 
indicate that though the upper mantle of the 
planet would melt completely, the central portion 
undergoes partial silicate 
melting/metamorphism. Impact energy deposited 
in the outer layers of the planet (from the surface 
to a depth of 1000 km) produces high 
temperatures in this region while the lower 
abundance of 26Al (for T[acc]>2 Myrs) prevents 
heating in the central portion. 

   Fig.-1 show post-accretionary temperature 
profiles for various accretionary scenarios to be 
significantly different from one another and from 
the assumption of constant interior temperature 
used in most thermal models of Mars. 

   
  
Figure-1: The planetary temperature profile after 

the end of accretion assuming that it accretes by 
runaway accretion in 1 Myrs (T[dur]=1 Myr). The 
time at which accretion initiates is taken as a variable 
and results of runs are shown for T[acc]=1, 1.5, 2 and 
3 Myrs. For T[acc] =0, i.e. if accretion of Mars starts 
at CAI formation, very high temperatures are 
produced that are beyond the scale of the plot 
(indicating that the planet would melt completely). 
Impact produces high temperatures nearer to the 
surface, whereas 26Al causes heating in the planetary 
interior. Thus, when T[acc] increases, the maximum 
temperature at the center is seen to decrease. For 
reference, we show a post accretion temperature of T= 
1800 K used in a thermal model that assumes an 
initially hot Mars. 
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Methods: Model B  
Accretion is assumed to initiate 2 Myrs after 

CAI formation [20]. Two model calculations are 
made to bracket upper and lower limits of 
accretion time: Mars is thus assumed to accrete 
in 1 and 10 Myrs., respectively. Accretion is 
assumed to be instantaneous. The simulation 
initiates after accretion is complete. Mars is 
assumed to be partitioned into a core and mantle 
with an initial temperature of 2000 K. Specific 
heat of the core and mantle are taken to be 
constant at 840 J/kg/K and 1200 J/kg/K, 
respectively. The heat flux from the mantle in a 
plate tectonics regime is approximated from 
[18,21]. The core is assumed to be isothermal. 
Heating is assumed to take place by short-lived 
(26Al, 60Fe) and long-lived (K, U, Th) 
radionuclides. The Al content of the crust was 
approximated from the composition of Martian 
dust as measured by Mars Pathfinder [22]. The 
Al content of the undifferentiated mantle after 
core formation and the bulk planet were 
approximated from geochemical models of [23]. 
Viscocity is assumed to be temperature 
dependent with a reference viscocity of 1020 K 
at 1573 K [18]. 
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Figure 2: The plots summarizes core and mantle 
temperatures as a function of time with respect to CAI 
formation with (a) and without (b) including the effect 
of 26Al, respectively. The first 100 Myrs are shown in 
order to highlight the effect of 26Al on the early 
evolution of Mars. A plate tectonic regime is assumed 
to have existed for the mantle: hence, heat loss from 
the mantle is quick. Time is shown in Myrs. and 
temperature in K. The accretion of Mars is assumed to 
be complete 3 Myrs after CAI formation. Note that the 
temperature of the mantle sharply increases at the 
early stages of the simulation due to preferential 
heating of the mantle by 26Al, in case of (a). At this 
time, the mantle is hotter than the underlying core, 
and the core is assumed to gain heat by conduction 
from the overlying mantle. In a scenario, where 26Al 
is not considered (b), the temperatures of the mantle 
and core decrease monotonically as was shown by 
[18]. 

 
Results: Model B 

The interior of early Mars is believed to have 
undergone uniform heating and has been the 
basis of uniform initial temperature assumptions 
in Mars thermal models. However, redistribution 
of radionuclides during differentiation may 
cause inhomogeneous heating of the crust and 
mantle particularly when 26Al is potent. Thus, 
26Al and 60Fe will be partitioned into the 
mantle and core, respectively after core 
formation, causing the mantle temperature to 
increase significantly compared to the 
underlying core. A plate tectonic regime 
(without 26Al) is thought to drive core 
convection as shown by [18]. However, in the 
case of a  hotter mantle overlying the core, core 
convection is unlikely to occur. A plate tectonic 
regime must first lose excess heat released by 
26Al decay, until the mantle is cooler than the 
core. At such time, core convection can initiate 
causing a magnetic field on Mars. Thus, the 
onset of a magnetic field and of the plate tectonic 
episode on Mars would not be simultaneous but 
staggered in time, in a scenario of fast accretion. 
If the duration of accretion of Mars is ~10 Myrs., 
plate tectonics does drive core convection from 
the outset as shown previously by [18]. 

 
Future Work 

The drawback of the model A is the 
assumption of an undifferentiated planet: in 
reality, Fe-FeS melting and silicate melting will 
probably initiate during the accretion process. 
Model A does account for the latent heats of 
melting, but not the physical segregation of the 
core and crust. On the other hand, Model B starts 
model with a fixed initial temperature and a 
planet differentiated into a core and a mantle. 
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Thus, the complexity of the accretion process is 
not taken into account. In future, we hope to 
work on an integrated model that calculates the 
heat budget during accretion and takes into 
account the differentiation process. 
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Beagle 2 is a 60 kg probe (with a 30 kg lander) developed in the United Kingdom for inclusion on the 
European Space Agency’s 2003 Mars Express.  Beagle 2 will deliver to the Martian surface a payload 
which consists of a high percentage of science instruments to landed spacecraft  mass.  Beagle 2 will be 
launched in June 2003  with Mars Express on a Soyuz-Fregat rocket from the Baikonur Cosmodrome in 
Kazakhstan.  Beagle 2 will land on Mars in December 2003 in Isidis Planitia (~11.5oN and 275oW), a 
large sedimentary basin that overlies the boundary between ancient highlands and northern plains.   Isidis 
Planitia, the third largest basin on Mars, which is possibly filled with sediment deposited at the bottom of 
long-standing lakes or seas, offers an ideal environment for preserving traces of life.  Beagle 2 is 
completed and undergoing integration with the Mars Express orbiter prior to launch. 
 
Beagle 2 was developed to search for organic material and other volatiles on and below the surface of 
Mars in addition to the study of the inorganic chemistry and mineralogy [1].  Beagle 2 will utilize a 
mechanical mole and grinder to obtain samples from below the surface, under rocks and inside rocks.  A 
pair of stereo cameras will image the landing site along with a microscope for examination of surface and 
rock samples.  Analyses will include both rock and soil samples at various wavelengths, X-ray 
spectrometer and Mossbauer spectrometer as well as a search for organics and other light element species 
(e.g. carbonates and water) and measurement of their isotopic compositions.  Beagle 2 has as its focus the 
goal of establishing whether evidence for life existed in the past on Mars or at least establishing if the 
conditions were ever suitable.  
 
A mechanical arm (PAW) is used for science operations along with sample acquisition.  Instruments 
attached to the PAW include: stereo cameras, Mossbauer and X-ray fluoresence instruments, micro-scope, 
environmental sensors, rock corer/grinder, a spoon, mirror, brushes, a Mole attachment for acquisition of 
subsurface to depths of 1 to 2 meters and an illumination device.  Each camera has 14 filters which have 
been optimized for mineralogy composition, dust and water vapor detection.  The microscope’s camera is 
designed for viewing the size (down to 4 microns) and shape of dust particles, rock surfaces, microfossils, 
and characteristics of the samples prior to introduction into the gas analysis package (GAP).  The camera 
features 4 color capability (red, green, blue and UV fluoresence), a depth of focus of 40 micrometers and 
translation stage of +3 millimeters. 
 
Beagle 2’s heart is the life detection package which is a gas analysis package (GAP) consisting of a mass 
spectrometer with collectors at fixed masses for precise isotopic ratio measurements and voltage scanning 
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for spectral analysis.  Primary aim of the GAP is to search for the presence of bulk constituents, 
individual species, and isotopic fractionations for both extinct and extent life along with studying the low-
temperature geochemistry of the hydrogen, carbon, nitrogen and oxygen components from both the 
surface and atmosphere. GAP is a magnetic sector mass spectrometer (mass range of 1 to 140 amu) which 
can be operated in both the static and dynamic modes.  A triple Faraday collector array will be used for C, 
N and O ratios along with a double Faraday array for H/D.  Pulse counting electron multiplier will be 
utilized for noble gases and selected organics.  Anticipated detection limits are at the picomole level for 
operation in the static mode of operation and high precision isotopic measurements will be made in the 
dynamic mode. Sample processing and preparation system consists of reaction vessels along with 
references.  Sample ovens capable of being heated are attached to the manifold for sample combustion.  
Surface, subsurface materials and interior rock specimens will be combusted in pure oxygen gas at 
various temperature intervals to release organic matter and volatiles.  Combustion process will permit 
detection of all forms and all atoms of carbon present in the samples.  A chemical processing system is 
capable of a variety of conversion reactions.  Gases are manipulated either by cryogenic or chemical 
reactions and passed through the gas handling portion of the vacuum system. There are two modes of 
operation:  quantitative analysis and precise isotopic measurements.   
 
Three main types of analysis will be carried out by the GAP: (1) search for organic matter, (2) stepped 
combustion for total light element content and speciation, and (3) atmospheric analysis.  Isotopic 
measurement of H/D, 13C/12C, 15N/14N and 18O/16O and search for possible biogenic methane within the 
Martian atmosphere will be made.  Estimates of the present methane concentration in the atmosphere is 
believed to be <100 ppb.  Lifetime of CH4 in Mars’ atmosphere is believed to be < 300 years and 
therefore no abiogenic methane is anticipated.  The GAP is capable of concentrating gases and the search 
for biogenic atmospheric methane will be made.  The mass spectrometer will operate in the static mode 
for the CH4 measurements after chemical reagents have concentrated the atmo-spheric gases.  Conversion 
to a measureable component will be made to ensure no false positive results will be obtained along with 
lowering the detection limits.  Should methane be detected within the Martian atmosphere its putative 
source would have to be biogenic (i.e. methanogenic bacteria).    
 
An environmental sensor system for surface temperatures, atmospheric pressures, wind speed and 
direction accompanies atmospheric sampling.  Radiation environment’s dose and rates will be 
characterized.  UV flux at the lander will be measured in a variety of wavelengths longer than 200nm, 
information relevant to understanding the survival of organics.  High sensitivity isotopic analysis of the 
carbon species present within the samples makes no assumptions about the bio-chemistry on Mars but 
provides clues to past life as inferred from the isotopic fractionations mea-sured directly on Mars. 
Planetary protection protocols have been followed for Beagle 2.  The lander has been designated as a 
Category IVA+ mission.  A microbial reduction plan is in place and all components have been sterilized. 
Additional cleaning procedures have been followed to reduce blanks associated with GAP operations. 

 
References:  [1] M.R. Sims et al. (1999), SPIE Conf. on Instruments, Methods and Missions for 
Astrobiology II, SPIE Vol. 3755, pp. 10-23.  [2] R. Carr et al. (1985) Nature 314, 248-250.  [3] I.P. 
Wright et al. (1989) Nature 340, 220-222.  [4] C.S. Romanek et al. (1994) Nature 372, 655-657.  [5]  D.S. 
McKay et al. (1996) Science 273, 924-930.  [6] K. Thomas-Keprta (2000) Geochimica et Cosmochimica 
Acta 64, 4049-4081.  [7] E.K.Gibson, Jr. et al. (2001) Precambrian Research 106, 15-34. 
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     Introduction:  Several isolated deposits of gray, 
crystalline hematite on Mars were discovered using 
data returned from the Thermal Emission Spectrome-
ter (TES) instrument aboard the Mars Global Sur-
veyor spacecraft [1,2].   
     Christensen et al. [1] provided five testable hy-
potheses regarding the formation of crystalline hema-
tite on Mars:  1) low-temperature precipitation of Fe 
oxides/hydroxides from standing, oxygenated, Fe-rich 
water, followed by subsequent alteration to gray 
hematite, 2) low-temperature leaching of iron-bearing 
silicates and other materials leaving a Fe-rich residue 
(laterite-style weathering) which is subsequently al-
tered to gray hematite, 3) direct precipitation of gray 
hematite from Fe-rich circulating fluids of hy-
drothermal or other origin, 4) formation of gray 
hematitic surface coatings during weathering, and 5) 
thermal oxidation of magnetite-rich lavas. 
     Since this initial work, several authors have exam-
ined the hematite deposits to determine their forma-
tion mechanism.  Lane et al. [3] cited the absence of a 
390 cm-1 absorption in the martian hematite spectrum 
as evidence for platy hematite grains.  Their model 
for the formation of the deposits includes deposition 
of any of a variety of iron oxides or oxyhydroxides by 
aqueous or hydrothermal fluids, burial and metamor-
phosis to gray platy hematite grains, and exhumation 
in recent times.  Based on a detailed geomorphic ex-
amination of the Sinus Meridiani region, Hynek et al. 
[4] conclude that the most likely method of hematite 
formation was either emplacement by a hydrothermal 
fluid or oxidation of a magnetite-rich pyroclastic de-
posit.  Similarly, Arvidson et al., [5] favor a model 
involving the alteration of pyroclastic deposits by 
aqueous or hydrothermal fluids.  Finally, based on 
geochemical modeling and an examination of Aram 
Chaos, Catling and Moore [6] favor emplacement by 
hydrothermal fluids with a minimum temperature of 
100 ºC.   
     Comparison of the average martian hematite spec-
trum measured by TES to hematite emissivity spectra 
for a variety of naturally occurring hematites shows 
small but potentially important differences [3].  In 
particular, band shapes, positions and relative band 
emissivities of hematite spectra vary over the range of 
samples.  These differences imply that the natural 
variability of thermal infrared hematite spectra has 
not been fully characterized, especially with respect 
to the reaction pathway and crystal structure. 

      Objective:  This work attempts to distinguish 
between the various proposed models of hematite 
formation by examining the spectral response of a 
series of synthetic and natural hematite samples with 
regards to precursor mineralogy, temperature of for-
mation, and crystallinity.  It is proposed that the 
hematite formations in Sinus Meridiani, Aram Chaos, 
and Valles Marineris were derived by the low-
temperature dehydroxylation and compaction of fine-
grained goethite.  Goethite is a common mineral on 
Earth, forming in a variety of environments.  It occurs 
as a weathering product of iron-bearing minerals, 
such as might be found in the basaltic rocks in the 
hematite-bearing regions of Mars.  Goethite can also 
be directly precipitated (both inorganically and or-
ganically) in aqueous environments, and it is known 
to form gossan deposits on the surface of metallifer-
ous veins.  It is also proposed that the hematite does 
not occur as coarsely crystalline grains, but rather as a 
compressed, finely crystalline cement or coating.     
     The thermal infrared spectral characteristics of 
hematite samples derived by the dehydroxylation of 
goethite and the oxidation of magnetite are reported.  
In addition, the grain shape, size, and degree of post-
hematite formation crystal growth are characterized 
by transmission electron microscopy (TEM).  Finally, 
Mössbauer data are used to help characterize the cry-
tallinity and purity of the hematite samples.  Results 
are examined and used to explain TES spectra of 
martian crystalline hematite. 
     Procedure:  A series of fine-grained synthetic 
magnetite and goethite powders were used as hema-
tite precursors in this study.  In addition several natu-
ral hematite samples from various geologic settings 
were also examined.  The goethite and magnetite 
samples were heated to a temperatures between 300 
and 700 °C for 24 hours. They were then packed into 
small discs at 10,000 psi using a hydraulic press.  
This greatly increased the spectral contrast of the 
emissivity spectra of the samples, eliminating the 
poor spectral contrast problem commonly associated 
with fine-grained samples.  Fine-grained samples 
shown in this work were first heated as powders, and 
then pressed into high-density discs to prevent exces-
sive sintering.  Some hematite powders were also 
selected for TEM and Mössbauer analyses.  
     The three natural gray hematite samples used in 
this study were selected based on the wide variety of 
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their geologic settings and their inferred formational 
mechanisms.   
     The first hematite sample is a thick gray-black 
hematite coating collected near Swansea, AZ that 
covers a quartz-rich fault breccia.  A plausible 
method to form a coating of this nature would involve 
weathering  of iron-rich minerals and later diagenesis 
that turned the coating black.  Hydrothermal fluids 
have altered other rocks in the fault zone region, per-
haps indicating alteration of the original coating at 
elevated temperatures.  It is unlikely that the fluid 
directly deposited the coating because it is not of the 
coarse-grained variety commonly associated with 
deposition under hydrothermal conditions.   
     Two massive gray hematite samples were pro-
vided by Dr. Steven Reynolds.  One sample is from 
the Cerro de Mercado iron deposits, part of the Mer-
cado Iron Member of the Cacaria Formation near 
Durango, Mexico.  Like much of the hematite in these 
iron deposits, this sample was derived by the oxida-
tion of magnetite.  The original iron deposits were 
emplaced during a break in the two major eruptive 
cycles of the 30 Mya Chupaderos caldera.  The iron 
deposit was the result of an eruption of an iron 
magma which was also rich in fluorine, chlorine, car-
bon dioxide, and water.  Iron oxides were originally 
in the form of magnetite.  Later, large volumes of 
halogen-rich gases flowed through the iron deposits 
and oxidized the magnetite to hematite [7].   
     A second sample from the Olympic Dam ore in 
southern Australia was the result of emplacement by 
hydrothermal fluids [8,9].  The Olympic dam deposit 
is located in the mid-Proterozoic granite basement of 
South Australia.  It is composed of steeply dipping 
breccia columns and dikes formed by mechanical 
brecciation and hydrothermal metasomatism of the 
host granite.  Stable oxygen isotopes indicate that 
hematite was emplaced by fluids (δ18O<9‰) at tem-
peratures of 200-400 °C [8].       
     Results:   
     Infrared Analysis. There are some important dif-
ferences between the magnetite-derived hematite 
sample spectra and the average martian hematite 
spectrum.  Most noticeably, the shapes of the 300 cm-

1 absorption bands of the magnetite-derived hematite 
samples are broader than that seen in the martian 
hematite spectrum.  In addition the 445 cm-1 mini-
mum is rounded off compared to the average martian 
hematite spectrum.  Each magnetite-derived hematite 
spectrum also has an absorption near 390 cm-1 that is 
not present in the martian hematite spectrum.   
     By contrast, the positions and shapes of the fun-
damental absorption bands of the goethite-derived 
samples match well with those of the martian spec-
trum, although the fits become increasingly poor at 

higher dehydroxylation temperatures. The goethite-
derived hematites formed at 300 and 400 °C show no 
sign of an absorption at 390 cm-1.  As the goethite 
dehydroxylates to hematite at increasingly higer  tem-
peratures, the 390 cm-1 band appears and becomes 
more pronounced.  The closest match to the SM 
hematite spectrum is the goethite-derived hematite 
synthesized at 300°C.  Figure 1 shows a comparison 
of the martian hematite spectrum with both magnetite 
and goethite-derived hematite spectra as well as the 
natural hematite samples. 
     The Durango and Olympic Dam samples provide 
poor fits to the martian hematite spectrum but the 
Swansea sample is a close match. 
     The Durango hematite sample spectrum has major 
absorptions at 552, 460, and 312 cm-1 with a local 
emissivity minimum at 394 cm-1.  A striking feature 
of this spectrum is the depth of the 552 cm-1 absorp-
tion.  It has a much lower emissivity than the 460 cm-1 
absorption, to a degree not seen in any of the syn-
thetic hematite spectra.    
     The Olympic Dam hematite has absorption bands 
are located at 540, 477 and 296 cm-1.  The 477 cm-1 
band is unique in its shape, sloping continuously from 
477 to 434 cm-1, and the 296 cm-1 band is much thin-
ner than that of the martian hematite spectrum.  A 
prominent 390 cm-1 band is present. 
     By contrast, the Swansea hematite coating spec-
trum is more similar to the lower temperature (300 to 
400 °C) goethite-derived hematite spectra.  It has 
major absorptions at 545, 444, and 308 cm-1, with 
only a hint of a local emissivity minimum at 391 cm-1.   
     TEM Analysis.  Several synthetic samples were 
imaged at high resolution to asses whether the degree 
of crystallinity or crystal morphology could be re-
sponsible for the variations in the infrared spectra.  
The goethite precursor heated at 300 °C appears as 
nearly perfect pseudomorphs of acicular goethite 
crystals (Figure 2a).  The flat crystals have an average 
length of about 0.5 µm and an average width of about 
0.1 µm.  When heated to 700 °C, the goethite-
precursor hematite shows evidence of extensive re-
crystallization (Figure 2b).  Very small (< 0.1µm) 
extensively sintered crystallites dominate the field of 
view, with only a hint of the former goethite crystal 
morphology being present.  The magnetite-precursor 
sample heated to 700 °C appears as clumps of suban-
gular crystals which display some characteristics of 
the original octahedral magnetite. They range from 
about 0.3 to 0.5 µm in diameter.   Our results are con-
sistent with those previously reported by Cornell and 
Schwertmann [10]. 
     Mössbauer Analysis. Mössbauer spectra show that 
the hematite samples made at the highest tempera-
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tures are the most crystalline.  In every case, the pre-
cursor mineral was completely replaced by hematite. 
     Discussion:  Qualitative estimates of the various 
hematite samples’ fits to the martian hematite spec-
trum can be made by inspecting Figures 1 and 2.  It is 
desirable, however, to quantify the various relation-
ships between the hematite spectra to arrive at a more 
robust result.  The minimum emissivity value of the 
540, 450 and 300 cm-1 absorption bands and the 
widths of the 450 and 300 cm-1 absorption bands 
were measured for each hematite spectrum.  The 
widths reported are the full widths at half the mini-
mum band depth.   
     Figures 3 shows two of the measured spectral pa-
rameters plotted against each other.  This plot shows 
a clear trend in the properties of hematite spectra 
based on their precursor mineralogy, temperature of 
formation, and indirectly, crystallinity.  In general, 
there are large scatters for the goethite- and magnet-
ite-derived samples.  However, there are several goe-
thite-derived samples and a single natural sample that 
plot close the Mars spectrum. The martian hematite 
plots in the region of the graphs dominated by the 
lower temperature (300-400 ºC) goethite-derived 
samples.  The natural sample is the gray hematite 
coating from Swansea, AZ.  The spectra of these 
samples have band widths and relative band depths 
that are consistent with the martian hematite spec-
trum.  Higher temperature (500-700 °C) goethite-
derived samples plot increasingly farther away from 
the martian hematite.  These sample spectra have 390 
cm-1 absorptions and their relative band depths, 
shapes, and positions are often poor fits for the mar-
tian hematite spectrum.  
     In no case does a magnetite-derived sample plot 
closest to the martian hematite spectrum.  Addition-
ally, there is a large scatter in the positions of the 
magnetite-derived hematite samples.  This corrobo-
rates the visual inspection of the magnetite-derived 
hematite spectra, which show a large variation in the 
shapes of the magnetite-derived spectra.  This large 
variation is partly caused by the different magnetite 
precursors used in the study and partly by the drastic 
change in the shape of the hematite spectrum at 600 
and 700 °C.  The natural magnetite-derived sample 
(Durango) and the natural hydrothermal sample 
(Olympic Dam) plot far away from the martian hema-
tite. 
      The absorption at 390 cm-1 seen in some sample 
spectra results from an a-axis contribution to the 
hematite spectra, and is not seen in the Mars sample 
spectrum.  This led Lane et al. [3] to conclude that 
martian hematite grains are platy in shape.  Addition-
ally, based on samples examined in this work and 
review of Lane et al.’s [3] spectra, the emissivity of 

the 540 cm-1 absorption bands decrease significantly 
as the 390 cm-1 absorptions become more prominent.  
This provides an additional diagnostic tool to assess 
the shape of the hematite particles. Lath-shaped 
hematite crystals, pseudomorphic after goethite, 
would easily align along their c axes, which point 
perpendicular to the flat face of the crystal [11].  
Low-grade burial metamorphism or diagenesis could 
convert originally deposited goethite to gray hematite.  
By contrast, equant-shaped, magnetite-derived hema-
tite particles would be difficult to align such that all 
of their c axes are pointing in the same direction.  
Complete recrystallization to microplaty hematite and 
alignment of the particles must occur to remove the 
390 cm-1 absorptions from the spectra of these sam-
ples.  This would require much greater burial depths 
and/or temperatures than would be needed for con-
version of goethite [3].   
    Implications for Mars. Several lines of evidence 
indicate that the hematite-rich units on Mars were 
deposited in a relatively low temperature aqueous 
environment and are in the form of a fine-grained 
cement or coating.  In terms of band shapes, posi-
tions, and relative emissivities, infrared spectra of 
magnetite-derived hematite (both synthetic and natu-
ral) universally provide poor fits for the martian 
hematite spectrum.  In addition, every magnetite-
derived hematite sample spectrum has a strong 390 
cm-1 absorption band.  TEM diffraction patterns indi-
cate that emission from these samples is not domi-
nated by the c-crystallographic axis.  These data 
strongly suggest that water-free thermal oxidation of a 
magnetite-rich ash or lava [1,4,5] is not a valid 
mechanism for the formation of the martian crystal-
line hematite deposits.   
     By contrast, the spectra of lower temperature goe-
thite-derived hematite samples provide good fits for 
the martian hematite spectrum.  Infrared spectra of 
the synthetic samples show that acicular hematite 
samples derived at 300 or 400 °C from goethite lack a 
390 cm-1 absorption feature.  As the temperature of 
dehydroxylation of goethite to hematite increases, the 
390 cm-1 band appears and becomes deeper.  TEM 
images show that the cause of this is growth of hema-
tite crystals in random orientations.  As sintering and 
crystal growth occurs, infrared emissions are no 
longer dominated by the c-crystallographic face, lead-
ing to the presence of the 390 cm-1 band. 
     TEM images also show that these higher tempera-
ture samples are composed of fine crystallites that 
have been heavily sintered together. Mössbauer spec-
tra show that even though the individual crystallites 
can be much less than 1 µm in size, the effect of sin-
tering make the sample act like a coarsely crystalline 
particulate.  Since these are the samples that provide 
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the worst overall fits to the martian hematite spec-
trum, it appears unlikely that the martian crystalline 
hematite is coarsely crystalline.  The alternative is 
that the original iron oxide was deposited as a finely 
crystalline coating or cement and was then com-
pressed and dehydroxylated to hematite by burial. 
      In summary, based on the laboratory spectra, in 
conjuction with the TEM and Mössbauer analyses, 
the closest match to the martian hematite spectrum is 
the goethite-derived sample heated at 300°C.  Review 
of the literature, however, points out that on Mars, 
goethite should be unstable relative to hematite under 
all geologic conditions [12-15].  Given appropriate 
time and pressure, the martian crystalline hematite 
deposits could have formed at temperatures as low as 
40°C [15].       

 
Figure 1.  Goethite- and Magnetite-derived synthetic 
samples and the natural Swansea, Durango, and 
Olympic Dam hematite samples compared with an 
average martian TES hematite spectrum. 

 
Figure 2a.  Hematite derived from goethite at 300 °C, 
pseudomorphic after goethite 
 
 

 
Figure 2b. Hematite derived from goethite at 700 °C.  
The sample is heavily recrystallized and sintered, and 
acts coarsely crystalline in IR and Mössbauer spectra. 
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nated by low temperature (300-400 °C) goethite-
derived samples and the Swansea hematite coating. 
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Introduction:  Selection of the landing sites for 

the Mars Exploration Rovers has involved over 2 years 
of research and analysis effort that has included the 
participation of broad sections of the planetary sci-
ences community through a series of open landing site 
workshops. The effort has included the definition of 
the engineering constraints based on the landing sys-
tem, mapping those engineering constraints into ac-
ceptable regions and prospective sites, the acquisition 
of new information from Mars Global Surveyor and 
Mars Odyssey orbiters, the evaluation of science and 
safety criteria for the sites, and the downselection and 
final site selection based on the sites science potential 
and safety. The final landing sites (Meridiani Planum 
and Gusev crater) were selected by NASA Headquar-
ters on April 11, 2003, prior to launch in June. 

Engineering Requirements:  Analysis of the en-
try, descent and landing system and atmospheric pro-
files for the season and time of arrival indicates that 
the MER spacecraft are capable of landing below –1.3 
km, with respect to the MOLA defined geoid [1, 2, 3]. 
This requirement stems mostly from the need for an 
adequate atmospheric density column for the parachute 
to bring the spacecraft to the correct terminal velocity 
and provide enough time for the radar altimeter to 
measure the closing velocity, inflate the airbags and 
fire the solid rockets. Low-altitude winds and wind 
shear together are major concerns and are significant 
concerns and must contribute less than ~20 m/s to the 
horizontal velocity after correction. 

Analyses of power generation/usage and thermal 
cycling of the rovers for the required 90 Sols restricts 
the landing sites to near the subsolar latitude at arrival. 
This translates to 5°N to 15°S for MER-A and 10°N to 
10°S for MER-B, which arrives at Mars 21 Sols after 
MER-A. (The preliminary latitude constraint for MER-
B was 15°N to 5°S, based on arriving 5 weeks after 
MER-A.)  Operations considerations and optimal data 
relay through Mars orbiters require the two landing 
sites to be separated by a minimum central angle of 
37° on the surface. 

Because of the arrival geometry and prograde entry 
into the atmosphere, landing ellipse size and orienta-
tion change significantly with latitude and time of arri-
val. Preliminary analysis of the expected flight path 
angle at atmospheric entry and dispersions produced 
by the atmosphere for the opening of the launch period 

yield 3 sigma landing ellipses for MER-A that vary 
linearly in length and azimuth from 77 km by 30 km, 
oriented at 66° at 15°S to 219 km by 30 km, oriented 
at 88° at 5°N. For MER-B, preliminary 3 sigma land-
ing ellipses vary linearly in length and azimuth from 
130 km by 30 km, oriented at 79° at 10°S to 338 km 
by 30 km, oriented at 99° at 10°N. Changes to the size 
of the landing ellipses occurred several times through 
the selection process with final ellipses smaller than 
these. 

Surface slopes are an obvious concern for the land-
ing system. Steep slopes can spoof the radar altimeter 
and cause premature or late firing of the solid rockets 
and airbag inflation. Small slopes over large distances 
can lead to additional horizontal velocity and pro-
longed bouncing by the lander within the inflated air-
bags. Slopes over 10 m scale can also negatively affect 
the first few bounces, the stability of the lander, rover 
deployment and trafficability, and power generation. 
As a result, surface slopes should be <2° over 1 km; 
<5° over 100 m, and <15° over 5 m. 

The MER airbags have been qualified to protect 
the lander from damage when landing on 0.5 m high 
rocks in any orientation. This requires a landing site 
with less than 1% of the surface covered by rocks 
greater than 0.5 m high. Model rock size-frequency 
distributions based on Viking, Mars Pathfinder and 
rocky locations on the Earth [4], generally suggest this 
requirement can be satisfied at locations with total 
rock coverage of <20% as derived from thermal infra-
red measurements [5]. 

The surface must be radar reflective for the descent 
radar altimeter to work properly, so radar reflectivity 
must be greater than ~0.03. The surface must be load 
bearing for the rover and lander and excessive dust 
would coat rocks, which are of prime scientific interest 
(but which can impede mobility), and could reduce 
surface lifetime by covering the solar panels. Ex-
tremely high albedo and low thermal inertia regions 
should therefore be avoided [6]. Areas with fine com-
ponent thermal inertia of less than 125-165 J m-2 s-0.5 
K-1 or SI units should therefore be avoided [7, 8]. Ex-
tremely low temperatures likely at low thermal inertia, 
high albedo sites further requires bulk thermal inertia 
to be >250 and >200 SI units with albedos <0.26 and 
<0.18, respectively.  
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Potential Landing Sites:  MOLA elevations were 
plotted within the 30° latitude band from 15°N to 
15°S. Because the southern hemisphere of Mars is 
dominantly heavily cratered highlands, little area is 
actually below –1.3 km in elevation for the MER-A 
(5°N to 15°S). The largest region below this elevation 
is in southern Elysium and Amazonis Planitiae. Unfor-
tunately, most of this area (150°W to 200°W) is domi-
nated by extremely low thermal inertia, with fine com-
ponent thermal inertias below 125 and so is excluded. 
For the initial latitude band of MER-B (15°N to 5°S), 
more area is below –1.3 km elevation. Nevertheless, 
most of the area between 135°W and 190°W is ex-
cluded on thermal inertia grounds. Areas available to 
seek landing sites are thus reduced to southern Isidis 
and Elysium Planitiae in the eastern hemisphere and 
western Arabia Terra, Terra Meridiani, Xanthe Terra, 
Chryse Planitia, and the bottom of Valles Marineris in 
the western hemisphere, which is just ~5% of the sur-
face area of Mars. 

Landing ellipses were placed in all locations that 
are below –1.3 km in elevation, have acceptable fine 
component thermal inertia values, and are free of ob-
vious hazards in the MDIMs (Mars Digital Image Mo-
saics). Only site ellipses that appear smooth and flat in 
the MDIM without scarps, large hills, depressions or 
large fresh craters (>5 km) were acceptable. 

Nearly 200 potential landing sites meet these crite-
ria: 100 sites for MER-A and 85 for MER-B. Even 
though the area available to land north of the equator is 
at least twice as great as south of the equator, the 
smaller ellipse size towards the south compensates. 
Geologic units accessible are diverse and range from 
Noachian Plateau dissected, hilly, cratered, and sub-
dued cratered units to Hesperian ridged plains, channel 
materials, and the Vastitas Borealis Formation to 
Amazonian smooth plains, channel materials, volcan-
ics, knobby materials, and the Medusae Fossae Forma-
tion. 

Downselection Process: Following the First Land-
ing Site Workshop for MER held January 2001, at 
NASA Ames Research Center, Mountain View, CA, 
roughly 25 sites from a possible ~185 were selected on 
the basis of their science potential [1, 2] and targeted 
for MOC (Mars Orbiter Camera) imaging. These in-
cluded sites in Valles Marineris (e.g., Melas and Eos), 
possible crater lakes (e.g., Gale, Gusev and Boedick-
ker), and sites in Terra Meridiani, Isidis and Elysium 
Planitiae. The basic characteristics of these sites were 
then investigated in more detail and the engineering 
constraints on the landing sites were better defined. 

The remaining 25 sites were discussed at the Sec-
ond Landing Site Workshop, October 2001, in Pasa-
dena, CA [2]. This workshop focused on evaluation of 

the science that can be accomplished at each site. Each 
site had a science spokesperson who discussed the 
science potential, the testable hypotheses, and specific 
measurements and investigations possible by the 
Athena science instruments at that site. In addition, 
safety considerations for the sites were discussed (el-
lipses did not fit within some prospective sites). Con-
sensus was reached on 4 prime sites and 2 backups. 
Ellipse locations were moved slightly after the work-
shop to improve their science potential or safety. 

Top 6 Landing Sites: Presentations at the second 
workshop [2] indicate all of the sites show evidence 
for surface processes involving water and appear ca-
pable of addressing the science objectives of the MER 
missions, which are to determine the aqueous, climatic, 
and geologic history of sites on Mars where conditions 
may have been favorable to the preservation of evi-
dence of possible pre-biotic or biotic processes. TES 
spectra indicate coarse-grained hematite distributed 
across a basaltic surface at the Hematite site, suggest-
ing precipitation from liquid water or a hydrothermal 
deposit [9]. MOC images of the center of the Melas 
ellipse show what appear to be layered sediments 
likely deposited in standing water [10]. Gusev has 
been interpreted as a crater lake with interior sedi-
ments deposited in standing water [11]. The ellipse in 
southernmost Isidis Planitia is located to sample an-
cient Noachian rocks shed off the highlands [12] that 
might record an early warm and wet environment as 
suggested by abundant valley networks. Athabasca 
Vallis is an extremely young outflow channel with 
young volcanics that might contain hydrothermal de-
posits [13]. Eos Chasma is located to sample a variety 
of materials draining a lake in Vallis Marineris [14]. 

Comparison of the thermophysical properties of the 
sites [5, 6, 7, 8] with the Viking (VL) and Pathfinder 
(MPF) landing sites allows an interpretation of their 
surface characteristics. The Hematite site has moderate 
thermal inertia and fine component thermal inertia and 
very low albedo. This site will likely look very differ-
ent from the three previous landing sites in having a 
darker surface, few rocks and little dust. Melas 
Chasma has moderate thermal inertia and fine compo-
nent thermal inertia and low albedo. This site will 
likely be moderately rocky but with less dust than the 
MPF and VL landing sites. Gusev crater has compara-
ble thermal inertia, fine component thermal inertia and 
albedo to the VL sites and so will likely be similar to 
these locations, but with fewer rocks. The Athabasca 
Vallis site has high albedo and moderate thermal iner-
tia, suggesting a moderately rocky and dusty site. The 
Isidis and Eos sites have high to very high thermal 
inertias suggesting a crusty surface. The Isidis site has 
moderate albedo and a high red/blue ratio, suggesting 
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a rocky weathered crusty surface without too much 
dust. Eos has low albedo, suggesting a rocky and 
crusty surface with some dust. 

3rd Workshop Results:  Evaluation of the 6 high 
priority landing sites indicated serious engineer-
ing/safety concerns at three of them (Melas, Eos, and 
Athabasca) [3]. Engineering sensitivity studies identi-
fied 3 dominant concerns for the MER landing system: 
(1) horizontal winds and wind shear at a few kilome-
ters altitude, while the spacecraft is on the parachute, 
which could impart horizontal velocity to the lander, 
(2) surface slopes at the scale of the airbags, which is 
equivalent to adding a horizontal velocity to the lan-
der, and (3) rocks at the surface that could rip the outer 
airbag layers or stress the interior bladders and must be 
cushioned from the lander during impact. Models of 
horizontal winds and wind shear at the two sites within 
Valles Marineris (Melas and Eos) appear to be near or 
beyond the limit of the capabilities of the landing sys-
tem and were removed from further consideration. 
Slopes at these sites were also dangerous. Preliminary 
engineering analyses suggest that the landing system 
may be able to accommodate slightly non-optimal 
conditions for 1 or 2, but not all 3 of these dominant 
engineering concerns. High radar backscatter at the 
Athabasca site suggested a rough untrafficable surface. 
As a result, Athabasca was demoted to a backup site 
and later removed from further consideration. Isidis 
was promoted from a backup to a prime site, and a 
search was made for an additional safe low-wind site. 

Search for Low Wind Site:  The search for a safe, 
low-wind site involved identifying atmospherically 
quiet regions in 2 global circulation models (GCM) for 
the season and time of arrival [15, 16]. Because low 
winds were the prime consideration, latitudinal and 
elevation constraints were relaxed from those origi-
nally considered [1] to include areas up to 15°N and 
areas up to 0 km elevation. Four potential areas were 
investigated: east of the existing Meridiani site, south-
east of Isidis, Elysium and the area south and east of 
Viking Lander 1. The area south and east of Viking 
Lander 1 was found to be a region of strong storm 
tracks and so was omitted from further consideration. 
Regional mesoscale wind models were evaluated for 
each remaining region [17]. A handful of prospective 
sites were identified in each area and evaluated in 
terms of science potential and safety. The sites east of 
Meridiani are likely too cold (i.e., low thermal inertia) 
and too close to the existing site (thereby reducing data 
return) and the areas southeast of Isidis had low sci-
ence appeal. The sites with the highest science interest 
were in the highland/lowland boundary in Elysium 
Planitia. They are located on a Hesperian-age surface 
transitional between the highlands and lowlands and 

may preserve reworked Noachian highlands (EP78B2 
ellipse is 155 km by 16 km oriented at an azimuth of 
94° at 11.91°N, 236.10°W and EP80B2 ellipse is 165 
km by 15 km oriented at an azimuth of 95° at 14.50°N, 
244.63°W in MDIM2 coordinates). 

Elysium Site Selection:  Both Elysium ellipses 
were targeted for the acquisition of new MOC and 
Thermal Emission Imaging System (THEMIS) images 
and safety and science potential were evaluated. Com-
parison of the thermophysical properties [5, 6, 7, 8] of 
Elysium with the Viking and Pathfinder landing sites 
indicates that the Elysium ellipses have comparable 
thermal inertia, fine component thermal inertia and 
albedo to the Viking sites and so will likely be as dusty 
as these sites, but with fewer rocks. Rock abundance 
estimates from thermal differencing techniques show 
an average of 5% at EP78B2 and 9% at EP80B2. 
EP78B2 also appears smoother than EP80B2 in: Mars 
Orbiter Laser Altimeter (MOLA) estimates of 1.2 km 
scale adirectional and bi-directional slopes, 100 m 
scale MOLA pulse spread [18], extrapolations of the 
100 m relief from Hurst exponent fits to the Allen 
variation at longer baselines [19], and 6 MOC images 
and 4 THEMIS images per ellipse that had been ac-
quired. High-resolution mesoscale wind models [17] 
for the 2 sites show slightly lower horizontal winds are 
expected at EP78B2 (similar to Meridiani) than 
EP80B2 (similar to Gusev), with similar estimates of 
wind shear and turbulence (both sites are comparable 
to Meridiani, but slightly more turbulent). EP78B2 is 
also slightly farther south so solar power should be 
greater. Science evaluation showed no strong prefer-
ence of one site over the other. Both sites appear to be 
on reworked highlands material. EP80B2 has greater 
relief, but less thermophysical variation in THEMIS 
thermal images with more dust and sand dunes in the 
lows. On the basis of these evaluations, EP78B2 was 
selected as one of the final 4 ellipses and EP80B2 was 
eliminated at a meeting of the Mars Landing Site 
Steering Committee and the THEMIS team at Arizona 
State University in August 26-27, 2002. 

Science and Safety: Further discussion and 
evaluation of these four landing sites took place at the 
4th MER Landing Site Workshop (January 2003 in 
Pasadena, CA). The 4th Workshop focused on the iden-
tification of testable hypotheses at the 4 sites, the defi-
nition of the observations that can be made by MER to 
test the hypotheses and the measurements that can be 
made by the Athena payload to carry out these investi-
gations. Results show that measurements by the 
Athena payload should be able to distinguish most of 
the competing hypotheses for the origin of the sites by 
observing rock textures and fabrics as well as rock 
mineralogy and chemistry.  
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The results of the 3rd and 4th workshops indicate 
that the Meridiani and Gusev sites most directly ad-
dress MER scientific objective because they have 
strong mineralogical and geomorphological indicators 
of liquid water in their past, respectively. Isidis and 
Elysium may also address these scientific objectives if 
Noachian rocks are preserved at the sites and either 
formed in a warmer and wetter past or were deposited 
by liquid water.  

A major science objective at the Meridiani Planum 
site is to determine what process formed the hematite, 
which is inferred from analyses of Thermal Emission 
Spectrometer data to cover approximately 15 to 20 
percent of the surface [9]. Preferred mechanisms for 
the hematite formation include direct precipitation 
from oxygenated, iron-rich water in a lake [20], or 
precipitation from iron-rich hydrothermal fluids in-
volving water percolating through the ground at high 
temperatures, or low-temperature dissolution and pre-
cipitation (i.e., leaching) [21]. Geologic hypotheses for 
the origin of the hematite deposits include deposition 
in an ancient lake, as a volcaniclastic unit within a 
stack of ancient Noachian units emplaced either di-
rectly as discrete grains or within glassy coatings, or 
via alteration after burial of the deposits, or as magnet-
ite rich lavas that have undergone high-temperature 
alteration. The Athena payload is particularly well 
suited to measure iron rich minerals and thus should be 
able to differentiate among these hypotheses. 

Gusev is a Noachian-age, flat-floored crater that is 
160 kilometers in diameter and close to the highland-
lowland boundary south of Elysium [11]. Its southern 
rim is breached by Ma’adim Vallis, which, at 800 
kilometers long, up to 25 kilometers wide, and 2 kilo-
meters deep, is one of the largest branching valley 
networks on the planet and may drain a large area of 
the highlands [22]. Ma’adim Vallis appears to have 
been cut by running water, so that the crater would 
have filled with sediment carried in a standing body of 
water before it exited through a gap in the northern rim 
of the crater. A landing in Gusev therefore would pro-
vide an opportunity to study fluvial sediments derived 
from the southern highlands and deposited in a lacus-
trine environment. Such sediments may preserve im-
portant clues about environmental conditions on early 
Mars, which are, of course, of particular interest for 
determining the planet’s potential habitability. 

Evaluation of the dominant three safety criteria 
(slopes, rocks and winds) indicates that Meridiani is 
probably the most benign site, followed closely by 
Elysium, and then Gusev and Isidis [23]. Specifically, 
horizontal winds and wind shear are lowest at Merid-
iani and Elysium and higher at Gusev and Isidis. Rock 
abundance is lowest at Meridiani and Elysium, slightly 

higher at Gusev and higher still at Isidis. Slopes at the 
scale of the airbags are in order of increasing slopes: 
Meridiani, Elysium, Isidis and Gusev. 

Selection:  Winds, slopes and rocks were incorpo-
rated in a sophisticated simulation of entry, descent 
and landing by the project to determine the relative 
safety of the 4 sites. The landing simulations show that 
most of the simulated landing events are within the 
design specifications of the landing system at all four 
sites. The landing simulations also show, however, 
slightly more out of specification landing events at 
ellipses in Gusev crater and Isidis Planitia (consistent 
with the potentially higher winds, slopes and rocks at 
these sites) than at Meridiani Planum and Elysium 
Planitia. To balance science return and safety, NASA 
Headquarters selected Meridiani Planum and Gusev 
crater for the MER landing sites. To maximize surface 
lifetime and science return, the first landing will be 
targeted to Gusev crater on January 4, 2004 and the 
second landing will be targeted to Meridiani Planum 
on January 25, 2004. 
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Introduction: The development of an optimal strategy 
for the exploration of the subsurface of Mars requires 
insight into consideration of recent and ongoing tech-
nological advances in subsurface exploration plat-
forms.   Honeybee Robotics is a leading NASA sup-
ported developer of electromechanical subsurface ex-
ploration systems.  The depth accessible through tech-
nologies under development at Honeybee extends from 
5 mm to over 100 meters below the Martian surface.   
The types of subsurface exploration systems that cover 
the depths in between the extremes of that range are 
extensive and is representative in principle to systems 
also being developed at other institutions here in the 
US and around the world. Systems under development 
are not just limited to the sampling of the subsurface. 
Novel approaches to comprehensive borehole science 
access are also under development.  An overview of 
the range of subsurface exploration approaches is of-
fered as a potential vertical infrastructure that can as-
sist in the design of future in-situ science and sample 
return missions to Mars.  Interaction with experts at 
subsurface access, mission planners and science users 
is expected to produce an optimized subsurface explo-
ration strategy. 

Near-Term Sampling Systems: The search for life, 
extinct or extant, and insight into the evolution of the 
solar system are top science goals of current and future 
planetary exploration missions, as identified by the 
National Research Council’s Planetary Science De-
cadal Survey [1]. These goals can be achieved by, 
among other methods, analysis of planet, comet and 
asteroid surface and subsurface samples, which will 
provide insight into the geologic composition and his-
tory of those bodies. The near and longer-term sam-
pling systems developed by Honeybee Robotics will 
allow access to those samples on Mars as well as other 
planetary bodies. 

Several methods of sample acquisition have been 
developed by Honeybee under NASA funding (Figure 
1). From the surface to greater than 10 meters depth, 
stratigrapghy-maintained powder and core samples 
may be acquired and transferred to onboard instru-
ments or a storage cache. We have developed balloon- 
and rover-based systems, as well as sample handling 
and storage systems. Most notably, the Rock Abrasion 
Tool (RAT) and Mini-Corer are at the forefront of 
planetary drilling and sample acquisition technology.  

RAT.  NASA’s twin 2003 Mars Exploration Rov-

Figure 1: Honeybee Robotics Drill Heritage
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ers will be equipped with the RAT. The Rovers will be 
launched separately and will explore the Gusev Crater 
and Meridiani Planum regions on Mars. Each rover 
has a life span of 90 days and can traverse up to 1 
kilometer [2]. The RAT is a robotically controlled sci-
ence instrument weighing less than 700 g (7 cm diame-
ter, 10 cm long) and will be carried by the rover’s me-
chanical arm. The primary purpose of the RAT is to 
remove dirt and rind from Mars surface targets (to 5 
mm depth, 45 mm diameter) to reveal the underlying 
fresh rock features (Figures 1 & 2). A combination of 
low force and high speed cutting will be used to com-
ply with limited power and stability available from the 
rover. All operations of the RAT are performed 
autonomously. 

 

Figure 2: RAT-abraded rock surface 

Mini-Corer. The Miniature Rock Coring and Rock 
Core Acquisition and Transfer System (Mini-Corer) 
was a portion of the Mars Sample Return Athena Pay-
load, originally scheduled for launch in 2003.  Its ma-
jor objective was to acquire rock cores for in situ ex-
amination by other instruments of the Athena instru-
ment suite, and to provide for a precision caching of 
the acquired cores for purposes of sample return. The 
Mini-Corer is a highly developed robotic drill capable 
of obtaining two 25 mm long and 8 mm diameter cores 
from the same hole from very strong rocks (Figures 1 
& 3). The compact (approximate volume: 15 cm x 10 
cm x 30 cm), low mass (2.7 kg), low power Mini-
Corer can readily drill 25 mm into strong basalt in less 
than six minutes while consuming under 10 watt-hours 
of power.  The cutting teeth on the tip of the Mini-
Corer are designed to cut into strong rock with a mini-
mum of torque, which consumes most of the power. 

A breakthrough feature of the Mini-Corer is its 
unique ability to break off and retain the core from the 
base rock (Figure 4).  The Mini-Corer drills until a 
desired core length has been reached. At this point, the 
core break-off tube begins to rotate relative to the core 
tube to the break-off position.  This action shears the 
core off from the base rock.  The relative position of 
the tubes creates a lip that provides for a positive 
retention inside the core tube of the broken-off core.  
The Mini-Corer can be mounted on positional axes to 

position the tip of the Mini-Corer to a core storage 
location (cache) or in a convenient position for exami-
nation of the core tip.  Once lined up with the core 
storage location, the break-off tube is commanded to 
rotate to its original position and a pushrod internal to 
the core tube then moves to the core ejection position, 
precisely ejecting the core out of the core tube. The 
Mini-Corer also employs a quick-change subsystem 
for changing drill bits.  This subsystem utilizes the 
pushrod and drill drive train for its operation; no addi-
tional actuators are required.  Also, with the autono-
mous acquisition of a specialized end-effector, the 
Mini-Corer can acquire and transfer unconsolidated 
soil to the return cache. 

 
Figure 3: Mini-Corer Sample Acquisition 

 
Figure 4: Mini-Corer Core Break-Off Sequence 

Longer-Term Sampling Systems 
Touch & Go Surface Sampler: The Touch & Go 

surface sampler, currently at TRL 5, is a new class of 
sample acquisition tool. In its basic configuration, the 
Touch & Go consists of a high speed sampling head 
attached to the end of a flexible shaft.  While sam-
pling, the sampling head rotates its counter rotating 
cutters at speeds of 5,000 to 8,000 RPM and consume 
between 20 W and 30 W of power.  The flexible shaft 
attached to the sampling head allows the sampler to 
conform to the planet, comet or asteroid surface; an 
ideal mechanism for sampling from unknown or high-
risk surface regions.  Unconsolidated samples of up to 
30 cm3 can be acquired. Penetration rate varies with 
soil composition. The system is reusable and samples 
can be analyzed by in situ instruments during a mis-
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sion, with the possibility of sample return. The Touch 
& Go system is designed to be deployed from a bal-
loon-based craft, therefore avoiding the complexity 
and costs associated with a landed mission (Figure 1 & 
5). 

 
Figure 5: Touch & Go Descent Sequence 

Image Courtesy of JPL 

10-20 Meter Robotic Deep Drill: Honeybee Robot-
ics has developed a deep drill for exploring the Mar-
tian subsurface to depths of 10 to 20 meters by means 
of low-power, low-thrust dry drilling, with the ability 
to acquire stratigraphy-maintained core samples in 
both solid and unconsolidated material at selectable 
depths. The development of the Deep Drill has 
stemmed from work on a 1-meter Sample Acquisition 
and Transfer Mechanism (SATM) developed to TRL 
6. Originally, a SATM prototype was developed and 
successfully tested at Honeybee Robotics to demon-
strate the performance requirements necessary to meet 
the ST4/ Champollion mission goals. SATM is de-
signed to drill through solid phase material with very 
high compressive strengths and acquire and transport 
powder samples (up to 1.0 cc) from 1.5 meters below a 
planetary surface without cross contamination. Since 
the ST4 cancellation, JPL has supported the rework of 
SATM to meet Mars drilling and sample acquisition 
goals.  

In order to optimize the volumetric packaging of 
the 10- to 20-meter drill, multiple 1-meter long drill 
strings are automatically fed and mated to reach the 
desired depth. Power is transferred across the drill 
string interfaces by spring-loaded electrical contacts 
(Figure 6). This allows power to be delivered to bore-
hole science instruments and a core break-off system 
(similar to that of the Mini-Corer) located in the lead 
drill string.  The drill will then have the ability to 
transfer collected samples to both in-situ instrumenta-
tion and a cache for sample return, as well as conduct 
borehole science analyses. 

Field Test.  Separate field tests were conducted in 
Arizona in December 2002 and February 2003.  Be-
tween these tests, several modifications were made to 

the Deep Drill design to improve its performance, in-
creasing available drilling torque, preventing the drill 
head from rotating during drilling, preventing the drill 
string connections from loosening, and reducing fric-
tion with the borehole. Changes were also made to the 
drilling algorithm, which greatly enhanced the removal 
of cuttings from the hole, leading to a drilled depth of 
8.3 meters after six days of drilling as compared to 3.2 
meters achieved during the first field test. 

 
Figure 6: Drill String Interface (Left) 

 Hardware Field-Tested to 8.3 Meters (Right) 
 

Inchworm Deep Subsurface Platform:  The Inch-
worm Deep Drilling System (IDDS) is a compact, 
novel access technology capable of accessing regions 
deep below the surface of multiple planetary bodies 
including those of Mars and Europa. The IDDS is a 
semi-autonomous robotic device that moves (like an 
inchworm) and drills very deep through soil, ice and 
rocks while requiring only a modest amount of power. 
The absence of a cutting fluid will help significantly 
ease the serious planetary protection concerns associ-
ated with many drilling technologies.  Tether manage-
ment for a subsurface probe that travels to depths be-
low a kilometer may be an insurmountable engineering 
problem.  This may especially be so in a planetary ex-
ploration setting.  The IDDS gets around the problems 
posed by tethers or umbilicals through the employment 
of drilling techniques that require no more power than 
that offered by a Sterling Power System (SPS). There-
fore, the IDDS requires no tether or umbilical of any 
kind.  In a mission scheme, the IDDS requires only 
modest support hardware since it is so small (approxi-
mately 15 centimeters in diameter and 2 meters long), 
robust, and self-sufficient. Extensive drilling tests, 
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previously conducted by Honeybee Robotics, indicate 
a very high plausibility that a customized diamond drill 
head in the 10 to 15 centimeter range will be able to 
readily penetrate very strong rocks and draw no more 
power than 500 to 1000 watts, the expected output of a 
future SPS [3]. Funding of over $1 Million for three 
years has commenced under NASA’s PIDDP and 
ASTEP awards. The main focus of the efforts will be 
to demonstrate the inchworm locomotion as well as 
develop methods of drilling and chip removal, which 
are major tall poles for autonomous planetary deep 
drilling. 

 

Figure 7: IDDS Schematic 

Inchworm Motion. The IDDS reacts the torque and 
thrust needed for drilling into the borehole wall (Fig-
ure 7).  Shoes extend from the aft section of the inch-
worm to secure the IDDS to the borehole wall.  The 
forward section of the IDDS is connected to the aft 
section via a linear actuator, which provides thrust for 
the forward end of the IDDS, which carries the drilling 
head. The thrust and drilling torque are reacted 
through the shoes into the borehole wall.  When the 
linear actuator has extended as far as it can go, the 
shoes of the forward section of the IDDS make secure 
contact with the borehole wall.   Then, the shoes of the 
aft section are retracted and the linear actuator pulls 
the aft section forward toward the front half of the 
IDDS.  This is how the IDDS walks down the bore-
hole. This method of walking is independent of gravity 
and allows for the IDDS to drill back up to the surface 
to remove chips.  The feet of the IDDS are large and 

create a “snowshoe” effect for stability when the IDDS 
encounters very soft or unconsolidated material. 

Comprehensive and Flexible Borehole Science 
Architecture:  An entirely novel approach has been 
developed through JPL-support that allows for the 
development of instrumental drill strings for insertion 
into the 10 to 20 meter drill system (Figure 8). This 
approach allows mixing and matching of drill strings 
and the development of an end-to-end automated ro-
botic system for in situ analysis. Instrumented drill 
strings allow direct contact with the stratigraphy-
maintained borehole wall, either eliminating the need 
for a sample acquisition and handling system alto-
gether, or working in conjunction with such a system 
to maximize in situ analysis.  

 

Figure 8: Imbedded Instrument Options [4,5,6] 

The drill string architecture allows for integration 
of instruments into the non-rotating interior of the au-
ger shaft cavity. Instruments are brought to deep sub-
surface depths by using the segmented drill strings 
employed by the Deep Drill. Currently, we are looking 
at several possible instruments to integrate into our 
drill strings for field testing, including a side-looking 
microscopic imager [4], LIBS/Raman Spectrometer 
[5], Neutron Spectrometer [6], temperature sensor, and 
a water sensor. Borehole science instruments will play 
a major role in future Mars missions by maximizing 
the science goals and minimizing mission complexity. 
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Space Nuclear Power for Power Levels from 1 Kilo-
watt to 10 Megawatts,’ NASA/TM – 2001-210593. [4] 
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Introduction: Martian valley networks and their 

associated drainage basins have been the focus of nu-
merous morphometric studies geared towards under-
standing the source of water responsible for their evo-
lution [1-2]. These studies often have yielded mixed 
results that suggest rainfall, sapping, or a combination 
thereof have all served as sources for valley incisement 
[1-5]. The availability of Mars Global Surveyor Mars 
Orbiter Laser Altimeter (MOLA) topographic data, 
however, now enables quantitative assessment of basin 
area versus elevation characteristics [3-5] that may 
shed new light on important processes influencing 
valley formation and resultant characteristics. 

Hypsometric Analyses: The degree of fluvial ero-
sion affecting a terrestrial basin can be evaluated by 
studying elevation versus area relationships within [3-
5, 10, 11]. Integrating the proportion of relief relative 
to area within a basin yields the hypsometric index 
(HI), which, along with related measure of the skew-
ness and kurtosis of the resultant curve, can help dis-
tinguish runoff versus sapping dominated systems on 
the Earth [3-5]. Typical terrestrial values for HI are 0.2 
to 0.8, with values below ~0.5 characteristic of most 
runoff dominated drainages [3, 5]. Emphasis here is 
placed on evaluating HI for various basins on Mars 
and the Moon.  

Basin Settings: In Margaritifer Sinus, Samara and 
Parana-Loire Valles, drain ~540,000 km2 [1, 2, 6-9, 
12-14] (Figure 1), while integrated valleys in the Hes-
peria region drain more than 310,000 km2 [12, 13]. 
Geologic and drainage mapping [1, 2, 12, 14] suggests 
most valleys in both areas were incised from the late 
Noachian into the early Hesperian by a combination of 
precipitation and ground water sapping [1, 2, 5]. By 
contrast, Lunae and Solis Planum are volcanic regions 
largely devoid of valleys [15], whereas lunar basins 
lack any possible fluvial influence.  

The present study utilizes MOLA data gridded at 
1/60th of a degree, nearly a factor of two better than 
previously employed [3-5], and especially targets hyp-
sometry of basins in Margaritifer Sinus, Hesperia, Lu-
nae, and Solis Planum. The hypsometry of basins 
fringing Mare Orientale on the Moon is also derived 
for comparison (using Clementine laser altimeter data).  
Results: Hypsometric curves for the basins in Marga-
ritifer Sinus are displayed in Figure 2. Table 1 presents 
average hypsometric indices for all studied basins to-
gether with their total range and standard deviation.  

 
Figure 1. Basins in southeastern Margaritifer Sinus 
associated with Samara and Parana-Loire Valles. Simi-
lar maps were compiled for all investigated basins and 
all were evaluated using ArcView GIS. 

 

  
Figure 2. Hypsometric curves derived for basins form-
ing the Samara and Parana-Loire drainage networks in 
Margaritifer Sinus. Labels refer to basins identified in 
Figure 1. 

The average and range of HI for the Martian basins 
is largely independent of the presence of an incorpo-
rated valley system. For example, all derived Martian 
and lunar values of HI are broadly similar and range 
from those typical of terrestrial basins dominated by 
runoff to those characteristic of sapping [3, 4]. Lunar 
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HI’s are lowest, but the coarse grid of the lunar data 
requires they be viewed with some caution.  
Table 1. Hypsometric Indices for Mars and Moon 

Region 
 

Average 
Hyps. Index 

(HI) 

Range 
of HI 

Std. 
Dev.  
HI 

Marg. Sinus 0.54 0.69-0.38 0.087
Terra Tyrrhena 0.66 0.78-0.42 0.103
Lunae Planum 0.56 0.77-0.25 0.163
Solis Planum 0.41 N/A N/A
Moon (Orientale) 0.50 0.56-0.35 0.084

Preliminary results of skewness and kurtosis prop-
erties of the hypsometric curves are presented in Ta-
bles 2 and 3. Despite being based on relatively crude 
fits to the data, results for Mars and the Moon are gen-
erally in the range expected for terrestrial drainage 
basins [3-5]. For example, hypsometric skewness, kur-
tosis, and skewness density function (Tables 2 and 3) 
may be more similar to those associated with terrestrial 
basins dominated by runoff. Values of the hypsometric 
curve kurtosis density function may be similar to those 
associate with sapping-dominated terrestrial basins [3-
5].  

In general, results for Mars are consistent with 
prior results that contend precipitation-recharged 
groundwater sapping was important in valley evolution 
[1-5]. The fact that the value, range, and standard de-
viation of HI on Mars appears to be largely independ-
ent of setting and that at least some lunar basins are 
characterized by hypsometric values broadly consistent 
with drainage basins on the Earth suggests that other 
processes are also important in shaping the basins.  

Discussion: In the terrestrial system, basin hyp-
sometry can characterize a drainage basin evolving via 
fluvial erosion. Hence, elevation vs. area relations 
equate to the amount of erosion a basin has undergone. 
Basins experiencing mostly sapping undergo localized, 
lesser overall erosion than in basins subjected to runoff 
[3]. Taken at face value, therefore, the Martian values 
for HI and supporting statistics suggest both sapping 
and runoff contributed to basin evolution.  

It is more difficult to reconcile, however, why Mar-
tian values are independent of the presence of incorpo-
rated valleys or setting. One explanation for the seem-
ingly contradictory nature of some Martian and lunar 

values may reflect the importance of impacts in shap-
ing the initial catchments on Mars and the Moon vs. 
tectonics on the Earth. Hypsometry associated with 
impact craters typically reflects a power law decay of 
topography away from the rim and differs from that 
evolved in tectonic settings. On Mars in particular, 
impacts and associated topography may effectively 
“pre-condition” a basin for efficient fluvial degrada-
tion [16]. Hence, some fraction of valley and basin 
morphometry may reflect the role of impacts in basin 
formation versus subsequent fluvial degradation. 

Summary: Hypsometric analyses of Martian ba-
sins in varying settings and lunar basins in the Orien-
tale Basin annulus define values in the range expected 
for fluvially-eroded terrestrial basins. Perhaps indica-
tive of the source of water eroding Mars valleys, the 
similarity and range of Martian and lunar values also 
suggests that the distribution of relief in basins created 
by impact requires minimal fluvial modification for 
efficient drainage. Hence, results may reflect the pri-
mary basin forming process as much the degradation 
signatures. 
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Table 2. Skewness, Density Skewness, Kurtosis, and Density Kurtosis Statistics for Martian and Lunar Basins* 
Region Skewness (SK)

(Average) 
Range SK Density SK

(Average) 
Range 
DSK 

Kurtosis (K)
(Average) 

Range K Density K 
(Average) 

Range 
DK 

Marg. Sinus 0.47 0.34-0.72 0.01 -0.56-0.52 2.15 2.05-2.63 1.90 1.80-2.37
Hesperia  0.78 0.37-1.08 0.30 -0.25-0.56 2.84 2.07-3.71 1.90 1.10-2.39
Lunae Planum 0.56 0.26-0.75 0.14 -0.56-0.52 2.38 1.98-2.67 2.07 1.84-2.37
Solis Planum 0.35 N/A 0.04 N/A 2.00 N/A 1.80 N/A 
Moon  0.50 0.32-0.65 0.07 -0.40-0.45 2.27 2.08-2.44 1.89 1.80-2.16

*Statistics Derived Using Software Written and Made Available by Wei Luo (See [3-5]) 
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Table 3. Hypsometric Values for Individual Mars and Lunar Basins 
Region Basin HI H-Skew H-Kurt D-Skew D-Kurt 

Margaritifer Sinus Clota 0.57 0.41 2.14 -0.31 1.96 
Margaritifer Sinus Himera 0.38 0.68 2.48 0.52 2.29 
Margaritifer Sinus LP1 0.55 0.35 2.10 -0.56 2.37 
Margaritifer Sinus LP2 0.65 0.46 2.20 -0.14 1.83 
Margaritifer Sinus LP3 0.44 0.59 2.32 0.41 2.10 
Margaritifer Sinus LP4 0.57 0.42 2.11 -0.01 1.80 
Margaritifer Sinus LP5 0.49 0.51 2.26 0.01 1.80 
Margaritifer Sinus LP6 0.60 0.43 2.14 -0.06 1.81 
Margaritifer Sinus LP7 0.48 0.51 2.25 0.05 1.80 
Margaritifer Sinus Oltis 0.44 0.66 2.47 0.43 2.12 
Margaritifer Sinus Parana-Loire 0.54 0.55 2.26 0.32 1.98 
Margaritifer Sinus S1 0.60 0.38 2.09 -0.29 1.94 
Margaritifer Sinus S2 0.66 0.34 2.07 -0.48 2.21 
Margaritifer Sinus S3a 0.50 0.57 2.32 0.31 1.96 
Margaritifer Sinus S4 0.47 0.68 2.58 0.30 1.96 
Margaritifer Sinus S5 0.67 0.37 2.05 -0.08 1.81 
Margaritifer Sinus S6 0.61 0.36 2.09 -0.43 2.12 
Margaritifer Sinus S7 0.60 0.39 2.11 -0.33 1.99 
Margaritifer Sinus S8 0.41 0.72 2.63 0.47 2.19 
Margaritifer Sinus S9 0.54 0.53 2.28 0.16 1.84 
Margaritifer Sinus Samara 0.51 0.52 2.31 -0.09 1.81 

Hesperia Planum 33 0.70 1.00 3.30 0.24 1.10 
Hesperia Planum 34 0.75 1.08 3.71 0.35 1.61 
Hesperia Planum 45 0.65 0.89 3.07 0.56 2.39 
Hesperia Planum 52 0.42 0.37 2.07 -0.25 1.90 
Hesperia Planum 58 0.68 0.81 2.83 0.55 2.35 
Hesperia Planum 60 0.64 0.68 2.56 0.35 2.01 
Hesperia Planum 63 0.56 0.59 2.36 0.29 1.95 

Lunae Planum 6 0.63 0.71 2.59 0.48 2.22 
Lunae Planum 13 0.59 0.60 2.39 0.29 1.94 
Lunae Planum 29 0.36 0.41 2.12 -0.15 1.84 
Lunae Planum 37 0.63 0.73 2.67 0.40 2.08 
Lunae Planum 38 0.53 0.75 2.66 0.52 2.30 
Lunae Planum 40 0.45 0.39 2.09 -0.18 1.86 
Lunae Planum 50 0.25 0.26 1.98 -0.56 2.37 
Lunae Planum 58 0.63 0.66 2.52 0.33 1.98 

Solis Planum 30 0.41 0.35 2.00 0.04 1.80 

Moon (Orientale) 4 0.55 0.55 2.32 0.11 1.82 
Moon (Orientale) 6 0.51 0.51 2.27 0.01 1.80 
Moon (Orientale) 7 0.35 0.32 2.08 -0.40 1.82 
Moon (Orientale) 8 0.51 0.52 2.24 0.19 1.86 
Moon (Orientale) 13 0.56 0.65 2.44 0.45 2.16 

HI – Hypsometric Index 
H-Skewness – Hypsometric Curve Skewness 
H-Kurt – Hypsometric Curve Kurtosis 
D-Skew – Hypsometric Curve Skewness Density Function 
D-Kurt – Hypsometric Curve Kurtosis Density Function 
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GUSEV CRATER, MARS, AS A LANDING SITE FOR THE MARS EXPLORATION ROVER (MER) 
PROJECT.  Ronald Greeley, Department of Geological Sciences, Arizona State University, Box 871404, Tempe 
AZ 85287-1404, greeley@asu.edu. 
 
Gusev crater is about 160 km in diameter, centered at 184.5 W, 14.3 S, in the southern cratered highlands near the 
border with the northern lowlands. The floor of this impact crater has been approved as a landing site for MER. The 
geological history of Gusev crater has been mapped and studied in detail by numerous investigators. Hypotheses for 
the origin(s) and modification(s) of the materials on the floor of the crater (the proposed site for the MER landing) 
include volcanic, aeolian, fluvial, glacial, mass-wasting, and lacustrine processes and environments. The Athena 
scientific payload on MER will enable testing these and other hypotheses, the results of which will contribute to the 
overall goals and objectives of the Mars Exploration Program. 
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COMPARISON OF GROUND-PENETRATING RADAR AND LOW-FREQUENCY ELECTRO-
MAGNETIC SOUNDING FOR DETECTION AND CHARACTERIZATION OF GROUNDWATER ON 
MARS.  R.E. Grimm1,2, 1Blackhawk Geoservices, 301 B Commercial Rd., Golden CO 80403, 
grimm@blackhawkgeo.com, 2Univ. Colorado LASP, Boulder, CO. 
 

Summary:  Two orbital, ground-penetrating ra-
dars, MARSIS and SHARAD, are scheduled for 
Mars flight, with detection of groundwater a high 
priority.  While these radars will doubtlessly provide 
significant new information on the subsurface of 
Mars, thin films of adsorbed water in the cryosphere 
will strongly attenuate radar signals and prevent 
characterization of any true aquifers, if present.  Scat-
tering from 10-m scale layering or wavelength-size 
regolith heterogeneities will also degrade radar per-
formance.  Dielectric contrasts are sufficiently small 
for low-porosity, deep aquifers that groundwater 
cannot be reliably identified.  In contrast, low-
frequency (mHz-kHz) soundings are ideally suited to 
groundwater detection due to their great depths of 
penetration and the high electrical conductivity 
(compared to cold, dry rock) of groundwater.  A va-
riety of low-frequency methods span likely ranges of 
mass, volume, and power resources, but all require 
acquisition at or near the plantary surface.  Therefore 
the current generation of orbital radars will provide 
useful global reconnaissance for subsequent targeted 
exploration at low frequency. 

Introduction:  Electromagnetic (EM) methods 
are fundamentally divided between high- and low-
frequency regimes.  Energy transport at high fre-
quency is propagative (wave-like) and is controlled 
by the electrical permittivity and the magnetic per-
meability. This is the radar regime. At low frequency, 
energy transport is by diffusion and is controlled by 
the magnetic permeability and the electrical conduc-
tivity. This is the inductive regime. The division be-
tween the two formally occurs where the loss tangent 
is unity; for typical terrestrial near-surface electro-
magnetic properties, the transition is at ~10 MHz.  
Unmineralized, anhydrous portions of the martian 
crust will be very resistive, lowering the transition 
between diffusion and propagation to ~1 kHz [1]. 

The principal advantages of ground-penetrating 
radar (GPR) for subsurface exploration are the ability 
to operate from orbit, signal-to-noise improvements 
made possible by controllability of the transmitted 
waveform, and high resolution.  The principal disad-
vantages are potential strong losses due to absorp-
tion, scattering, and multiple reflection, contrasts in 
permittivity that are small compared to those in con-
ductivity, and limited depth of penetration in conduc-
tive materials.  Because the case for GPR utility, es-
pecially for detection of groundwater, has been de-

scribed elsewhere [2-6], this paper will highlight the 
potential limitations. 

Low-frequency EM methods have dominated ter-
restrial geophysical exploration for groundwater [7].  
Active methods use a transmitter and share with radar 
some of the signal-to-noise improvements of a re-
peated, controllable waveform, but typically require 
significantly more mass and power than GPR.  Pas-
sive methods use natural EM sources; they can be 
compact and low-power but depend on the nature and 
strength of ambient EM energy.  I have previously 
forward-modeled low-frequency EM sounding for 
groundwater on Mars [1]; here some preliminary 
aspects of the inverse problem are considered, par-
ticularly to compare the penetration depth and resolu-
tion with radar. 

Radar Scattering Losses:  Published simulations 
of the potential radar response of the uppermost crust 
of Mars have used mean layer thicknesses of 50-4800 
m [2-5].  Models for depths of investigation < 1 km 
have used smaller layer thicknesses, but those includ-
ing deep investigations (to several km or more) have 
not propagated this complexity to depth, using fewer, 
thicker layers.  The MGS MOC has revealed ubiqui-
tous layering with thicknesses of meters to tens of 
meters to depths of ten kilometers [8].  Each interface 
can generate a radar reflection that removes energy 
from continued, downward propagation, and each 
interface again causes a downward reflection that 
attenuates the upward-propagating return signal.  For 
a reflection coefficient R and transmission coefficient 
T, the returned signal amplitude is RT2n, where n is 
the number of layers.  Best and worst cases are 
shown in Figure 1; the selected dielectric contrasts 
are smaller than mean contrasts of 1.5-2.9 used by 
others [2-5] and therefore the calculation is conserva-
tive with respect to these choices.  Predicted losses of 
many tens of dB may be tractable for investigations 
to depths of 1 km (SHARAD), but hundreds of dB in 
scattering losses due to layering may defeat attempts 
to sound to several kilometers depth (MARSIS). 

Radar Dielectric Contrasts: The radiofrequency 
relative permittivity or dielectric constant of 87 of 
liquid water is supposed to be diagnostic of that sub-
stance when compared to typical dielectric constants 
of 5-7 for solid-earth materials.  However, the com-
posite dielectric constant of a water-rock mix may 
not provide sufficient contrast under all conditions 
for robust identification of water.  The Hashin-
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Shtrickman formulae [9] provide upper and lower 
bounds to material properties of mixtures without 
specific geometrical assumptions.  A mean dielectric 
constant of 5 for dry martian materials [2-5] is lower 
than typical terrestrial rock values of 7-8 [10] but is 
conservative for this calculation.  Assuming that in-
ferred dielectric constants >10 are indicative of liquid 
water, porosity must exceed at least 8% and perhaps 
20%.  Such porosity is likely to be found only in the 
top few km of a compaction-limited crust [11], favor-
ing both MARSIS and SHARAD in this regime but 
rendering MARSIS attempts to distinguish deeper 
groundwater strongly ambiguous. 
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Figure 1.  Observed thicknesses of layering on Mars 
will lead to strong radar-reflection losses. 
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Figure 2.  Hashin-Shtrikman bounds for dielectric 
constant of water+rock mixture.  At low porosity, contrast 
is too small to distinguish from rock alone. 
  

Radar Absorption Losses:  Published models of 
the martian subsurface focusing on electrical conduc-
tivity [1] are very different from those focusing on 
dielectic constant [2-5].  The latter have used loss 
tangents typical of terrestrial rocks, whose conduc-
tivities are almost completely controlled by moisture 

and clay content [e.g., 7]. Models that compute elec-
trical properties as temperature- and frequency-
dependent functions of the relative proportions of 
rock, ice, and water with specified dissolved solids 
[1] show that conductivity can be almost negligible 
in the cold, dry cryosphere but is higher than used in 
radar models in areas where liquid water is present, 
particularly if saline.  Furthermore, adsorbed water 
below freezing [12] is electrically conductive and can 
strongly influence EM signals.  Consider a model 
(Figure 3) of electrical properties of the crust [1], 
with the following modifications:  freezing tempera-
ture 252 K, 5 g/l dissolved solids, heat flow 20 
mW/m2 [13].  The melting point is appropriate to 
brine [11] but the actual dissolved solids are taken to 
be those of sea ice; this leads to a best case for radar 
performance as the cryosphere is thin but not too 
salty. The formal base of the cryosphere is 4.1 km in 
this model; again note that there is no significant 
change in dielectric constant (Figure 3; the variations 
in the cryosphere are due to the dielectric relaxation 
of ice).  The presence of thin films of unfrozen water 
in the cryosphere, comprising a few percent by vol-
ume, introduce significant electrical conductivity 
below 2.1 km.  The skin depth, computed from the 
complex wavenumber, is effectively infinite at all 
frequencies in the cryosphere and in the underlying 
saturated zone below 1 Hz, but decreases with fre-
quency such that penetration depths (a few skin 
depths) are < 100 m at 1 MHz.  Therefore radar will 
be sharply attenuated upon reaching temperatures 
within some tens of degrees of the freezing point and 
will not be able to penetrate to any “true” subsurface 
aquifer on Mars.   The variation in skin depth be-
tween 0.1Hz and 1 kHz forms the basis for resolving 
this conductivity structure with low-frequency EM 
sounding. 

Penetration and Resolution of Low-Frequency 
EM:  Formal parametric inversion of apparent resis-
tivity data for conductivity (or resistivity) structure 
with depth is a key analysis goal.  Consider here a 
proof-of-principle using asymptotic inversions that 
assume ground currents decouple to form a one-to-
one mapping between frequency and depth [14].  
Results for three models show the significant varia-
tions in resistivity with depth as a function of the 
distribution of subsurface water (Figure 4).  Differ-
ences in the thickness of  the subcryospheric aquife 
and an overlying vadose zone can also be discrimi-
nated [Ref. 1, Figures 7, 11].  Note that the specific 
range of frequencies that resolves the water-relevant 
structure in this example is in the spheric band; the 
most likely natural source would be lightning.  At 
higher salinity, skin depth decrease and the appropri-
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ate frequencies are lower, centering near 100 mHz 
for briny groundwater [1].  Crustal-magnetospheric 
and ionospheric sources are appropriate for this 
lower frequency band. 
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Figure 4.  Asymptotic inversions for (1) thin films in 
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Concluding Discussion:   The limitations of 

GPR performance due to scattering, absorption, and 
dielectric contrast will not likely affect detection of 
groundwater at depths of several hundred meters 
with SHARAD.  However, the lure of shallow 
groundwater [15] has been considerably diminished 
by alternative models of gully formation [16-18], and 
there is no guarantee such groundwater is extant 
anyway. Deep, stable groundwater is more likely 
even given recent downward revisions of heat flow 
[13], but detection with MARSIS is unlikely.  Abrupt 
attenuation of the MARSIS return should not be 
taken as a direct indicator of an aquifer but instead 
will likely be due to adsorbed water in the 
cryosphere.  Such indications may be sufficient to 
constrain the geotherm and point to where groundwa-
ter might occur, but true detection and characteriza-
tion of groundwater must await aerial or landed as-
sets performing low-frequency EM. 
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Figure 3.  EM properties for nominal crustal structure (see text). Formal base of cryosphere is 4.1 km depth but thin films of 
unfrozen, adsorbed water introduce significant electrical conductivity below 2.1 km.  MHz (GPR) frequencies and above are 
strongly absorbed.  Variations in skin depth between 0.1 and 100 Hz form basis for inversion of conductivity structure using low-
frequency sounding. 
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MRO’s HIGH RESOLUTION IMAGING SCIENCE EXPERIMENT (HiRISE): EDUCATION AND
PUBLIC OUTREACH PLANS.  V. Gulick1, A. McEwen2, W.A. Delamere3, E. Eliason4, J. Grant5, C. Hansen6, K.
Herkenhoff3, L. Keszthelyi3, R. Kirk3, M. Mellon7, P. Smith1, S. Squyres8, N. Thomas9, and C. Weitz10. 1NASA
Ames/SETI Institute, 2LPL, University of Arizona, 3Ball Aerospace and Tech. Corp., 4USGS, 5CEPS, Smithsonian
Ins., 6JPL, 7University of Colorado, 8Cornell University, 9University of Bern, Switzerland, 10PSI/NASA

Introduction
The High Resolution Imaging Experiment, de-

scribed by McEwen et al. [1] and Delamere et al. [2],
will fly on the Mars 2005 Orbiter.   In conjunction with
the NASA Mars E/PO program, the HiRISE team
plans an innovative and aggressive E/PO effort to
complement the unique high-resolution capabilities of
the camera.  The team is organizing partnerships with
existing educational outreach programs and museums
and plans to develop its own educational materials.
In addition to other traditional E/PO activities and a
strong web presence, opportunities will be provided for
the public to participate in image targeting and science
analysis.  Below we summarize the main aspects of our
program.

The entire HiRISE EP/O effort will be vetted by an
Educator Advisory Committee (EAC) that we will
soon establish. The EAC will consist of approximately
a half dozen members of both formal and informal
educators.  Members will be drawn from a variety of
levels within the target K-14 grade range with a focus
on representation from minority-serving institutions.
The EAC will provide critical evaluation and input into
all aspects of HiRISE’s E/PO activities.

Members of the science team and EAC will review
all curriculum support materials to insure scientific
accuracy, sound pedagogy, usability, and alignment
with national education reform efforts (e.g. Project
2061 and the National Science Education Standards).
All materials will also undergo testing and revision
prior to publication or broad dissemination, and will be
matched with national science and technology content
standards.  Lesson plans and other curriculum materi-
als will be translated into Spanish and other languages
by Imagiverse (     http://imagiverse.org    ) and made avail-
able on the HiWeb E/PO site and at educator work-
shops.

Public Targeting
The HiRISE team plans to cast a wide net to collect

targeting suggestions for the ~10,000 high-resolution
images to be collected over the two Earth year mission.
Although most image targets will be selected from
suggestions submitted by the science team, the Mars
Exploration Program Office, and the general Mars
community [see 3], approximately one image per week
will be targeted based on suggestions from the general
public.

The web-based interface for target suggestion input
(HiWeb) will be based upon Marsoweb, the Mars
L a n d i n g  S i t e  w e b  e n v i r o n m e n t
(    http://marsoweb.nas.nasa.gov/landingsites    ). In addi-
tion to the current data browsing capabilities, users will
be able to select targets, specify special constraints
(e.g. season), and upload short justifications.  HiWeb
will also display and distribute previously obtained
HiRISE images.

Input from the general public will be motivated and
filtered by NASA Quest, NASA’s web-based K-12
education portal based at NASA Ames Research Cen-
ter (    http://quest.arc.nasa.gov    ).  To inform the public
about the capabilities of HiRISE and the plethora of
potential targets, Quest will host web events, on-line
chats and webcasts with science team members, and
provide access to other on-line E/PO material.  To se-
lect targets from public suggestions Quest will adver-
tise and conduct on-line polls.  Public image target
suggestions will be selected through the polling, chats,
and webcasts hosted by Quest. We expect the public
suggestions will produce an interesting and diverse set
of targets that will then enter the usual target selection
stream further explained in [3]. Once obtained, the
resulting public-motivated images will be highlighted
on the HiWeb site. Further details about public and
Mars community targeting will be released closer to
the launch date.

 Public Science Analysis
The public will also have the opportunity to par-

ticipate in HiRISE data analysis through the ‘Click-
workers’ project. Clickworkers aims to produce sci-
ence data products from images by harnessing the huge
public interest in planetary missions.  The proof-of-
concept effort involved having the public look at im-
ages of Mars and identify the locations and diameters
of impact craters in each image.  Over 85,000 indi-
v i d u a l s  v i s i t e d  t h e  s i t e
(    http://clickworkers.arc.nasa.gov    ) and submitted over
1.9 million crater location/diameter entries and a
quarter million crater classification entries [4]. Results
from the prototype Clickworkers web site show that
the accuracy of volunteer inputs, when appropriately
tested and filtered, is comparable to that of existing
crater databases.

The Clickworker’s project will work with the
HiRISE team to develop similar analysis modules to
harness the enthusiasm of the public while educating
them about Mars, mission goals, accomplishments, and
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resulting science.  For example volunteers could
quickly establish a database of features (e.g. craters,
boulders, gullies) imaged by HiRISE.

The fact that the public equipped with basic online
tutorial and analysis modules was able to essentially
duplicate the results of an existing crater database in
the original proof of concept Clickworkers’ effort,
suggests that output of new databases in this fashion
can result in output that has scientific value.  This
proof of concept website has also demonstrated that
there is strong interest generated by direct public par-
ticipation in science.  The site has been featured in the
New York Times and a dozen other publications in sev-
eral languages, on BBC Online, and on a television
program on the Canadian Discovery channel.  The fact
that they are contributing to science can inspire people
to think of planetary science not as something that oth-
ers do and they passively consume, but as something to
which they can contribute their efforts.  By empower-
ing the public with user-friendly web tools, timely ac-
cess to data and unique opportunities to participate not
only in the discovery process, but also in the actual
science as well, we hope to make the dream of explor-
ing Mars a virtually real experience for all.

Education and Public Outreach Partnerships
HiRISE will provide lesson plans to educators via

publications, workshops, and the Internet.  Rather than
create an entirely new set of materials, will draw upon
the large number of existing classroom-tested, stan-
dards-based, Mars and space science lesson plans
whenever possible. Modified or new lesson plans cre-
ated after orbit insertion will be able to draw upon a
wealth of new data, including high-resolution color
images of the surface of Mars.  New data and images
will allow us bring the excitement of an active space-
craft mission and it's discoveries into classrooms and
informal settings.

Technology-based activities will be published
through JPL’s Space Place alliance with the Interna-
tional Technology Education Association’s (ITEA's)
Technology Teacher magazine.  Several activities will
be published during the mission.  NASA Quest will
support HiRISE sponsored Web events.  HiRISE ac-
tivities may also be developed and published in part-
nership with established space science education pro-
grams such as ASU's Red Planet Connection publica-
tion.

Beginning the summer of 2006, educator work-
shops using HiRISE and Mars Educational Program
(MEP) educational products will be held each year in
partnership with a professional workshop provider.
Each workshop will be held at or near the institution of
a HiRISE team member.  Workshop background mate-
rials and instructions for all hands-on activities will
also be placed on the HiWeb E/PO site.  This will fa-
cilitate the sharing of information with educators who
are unable to attend a workshop and the general public.
We will also provide materials and speakers to a num-

ber of existing educator workshop programs including
MarsQuest, and the JPL Solar System Educators and
Ambassadors Programs.  Individual EAC members
will also be encouraged to share HiRISE/MEP work-
shop materials with educators at their home institu-
tions.

HiWeb: HiRISE’s Innovative Public Website
As mentioned above, HiRISE’s web presence will

center around HiWeb, an interactive data analysis, re-
pository and target suggestion system.  HiWeb will be
based upon Marsoweb, a collaborative web environ-
ment  (http://marsoweb.nas.nasa.gov/landingsites/) that
allows for the planetary community to better analyze,
visualize and compare Mars Global Surveyor, Mars
Odyssey and other data sets.  These tools have grown
out of a four year effort by the Center for Mars Explo-
ration (CMEX) at NASA Ames Research Center
(ARC), the NASA Advanced Supercomputing (NAS)
Division’s Data Analysis Group at Ames, and the Mars
Exploration Program to promote interactions among
the planetary community and to coordinate landing site
activities for the MER 2003 mission.

Marsoweb serves as a repository for maps,
data, and memoranda related to this activity (such as
current landing ellipse parameters, workshop talks and
announcements, etc.). Large map and image datasets
may easily be browsed and zoomed. Special tools are
available for viewing MGS laser altimeter data and for
processing MOC images. The facility will continue to
evolve over the next several years as new tools and
features are added to support the ongoing Mars mis-
sions. Over 88,000 distinct users (resulting in over 3
million hits and over 800,000 page requests) from gov-
ernment, academia, and the general public have ac-
cessed the site since its inception in 1999.

The current web-based clickable, zoomable image
data map will allow seamless access to all HiRISE,
other MRO, and previous Mars mission data including
image, topographic, spectral, and derived data sets.
The interface will allow inter-comparison of data sets
via transparent overlays on the image data map.  A key
feature will be rubber-band selection of image targets
and a simple justification interface.

In addition to providing targeting and data browse
capabilities, HiWeb will fill the data distribution func-
tion of HiRISE.  Five captioned images will be re-
leased per week and users may order full resolution
images from the HiRISE data processing facility.  In
addition tools for viewing and processing the large
images will be made available.

Additional EP/O Activities
Each HiRISE science team member will be re-

sponsible for local EP/O activities in their home re-
gion.  Team members have committed to spending at
least 5% of their time in outreach activities and to co-
ordinating local EP/O.  HiRISE images will be dis-
played at full resolution on the giant projection screen
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at the Smithsonian Air and Space Museum between
IMAX shows.

To learn more about HiRISE’s exciting plans, go
to     http://marsoweb.nas.nasa.gov/HiRISE/    .

References:  [1] McEwen, A. et al. this confer-
ence. [2] Delamere, W. A. et al. this conference.
[3] Eliason, E.  et al. this conference. [4] Kanefsky, B.
et al. (2001) 32nd LPSC, abstract no. 1272.

Sixth International Conference on Mars (2003) 3260.pdf



MAGNETIC ANOMALIES IN ICELAND: IMPLICATIONS FOR THE MAGNETIC ANOMALIES ON 
MARS. H. P. Gunnlaugsson1, L. S. Bendtsen2, P. Bertelsen2, C. S. Binau2, J. Gaarsmand2, W. Goetz2, Ö. Helgason3, 
L. Kristjánsson3, J. M. Knudsen1, K. Leer2, M. B. Madsen2, P. Nørnberg4, S. Steinþórsson3, G. Weyer1, 1Department 
of Physics and Astronomy, Aarhus University, Ny Munkegade, DK–8000 Århus C (hpg@phys.au.dk), 2Center for 
Planetary Science, University of Copenhagen, Juliane Maries Vej 30, DK–2100 Copenhagen Ø, Denmark, 3Science 
Institute, University of Iceland, Dunhagi 3, IS–107 Reykjavík, Iceland, 4Department of Earth Sciences, Aarhus Uni-
versity, Ny Munkegade, DK–8000 Århus C, Denmark. 

 
 
Introduction: Among the major discoveries of the 

Mars Global Surveyor mission is the finding of strong 
magnetic anomalies due to crustal remanence [1]. 
Models suggest magnetic rocks of tenths of km thick-
ness with remanence magnetization up to Mr ~ 20 A/m 
[2], considerably higher than average values for terres-
trial mid–ocean ridge basalt (MORB). Although Fe–Ti 
oxide phases, as in MORBs, are the obvious candi-
dates for explaining the remanence, other mineralogi-
cal explanations have been suggested to account for 
the high remanence in comparison with MORBs. 
These include hemo–ilmenite [3], multidomain (MD) 
hematite [4], and pyrrhotite [5],  none of which are 
common explanations for the magnetic properties of 
igneous rocks. 

Aeromagnetic surveys over Iceland have revealed a 
large number of distinctly localized magnetic anoma-
lies [6,7]. They are less extensive than their Martian 
counterparts and usually associated with volcanic cen-
ters or subglacial volcanism. In some cases, access to 
the magnetic rocks has been obtained, either  through 
erosion or by drilling.  

Given the assumption that the Icelandic anomalies 
may give hints regarding the origin of magnetism in 
the Martian anomalies, we have conducted a detailed 
investigation of the iron mineralogy of samples from 
two magnetic anomalies in Iceland and one site con-
taining highly magnetic rocks. In this contribution em-
phasis will be given to the results obtained by means 
of Mössbauer spectroscopy. The Mössbauer spectra 
presented here were measured at room temperature in 
transmission geometry using conventional constant 
acceleration drive systems. Velocities and isomer–
shifts are given relative to the center of the spectrum of 
α–Fe at room temperature. 

Mössbauer spectroscopy is an ideal method to 
characterize the iron mineralogy of natural samples, 
giving simultaneously information on the valence state 
of iron, site symmetry, and magnetic interactions. The 
shift of resonance lines (relative to a standard) is char-
acteristic for the valence state of iron atoms. Iron at-
oms in magnetic minerals give rise to a characteristic 
sextet–type spectrum where the splitting is propor-
tional to the magnetic hyperfine field. Iron in para-

magnetic minerals gives rise to a doublet–type spec-
trum due to quadrupole interactions. The splitting of 
lines is proportional to the electric  field gradient at the 
iron site. The analysis of a Mössbauer spectrum may 
be a complicated task. If the iron atoms are situated in 
an environment characterized by statistical variations 
of the hyperfine parameters (e.g. in titanomagnetite or 
titanomaghemite, where the iron atoms have different 
numbers of Ti or vacancy neighbors), a successful 
description of the spectrum in terms of assignment of 
spectral features to specific minerals may be ham-
pered. In basaltic rocks, the magnetic minerals may 
constitute only a few percent of the spectra, precluding 
an accurate determination. For this reason, spectra of 
both bulk samples and magnetic separates are obtained 
and analyzed simultaneously assuming the presence of 
the same spectral components, only in different 
amounts.  

Included in the payload of NASA's 2003 Mars Ex-
ploration Rover missions (launched in May/June 2003, 
landing early 2004) [8] are magnets [9] that will accu-
mulate dust for investigations by Mössbauer spectros-
copy [10] and APX spectroscopy (elemental analysis) 
[11]. The results presented here may show how these 
techniques can work together to determine the miner-
alogy of the surface material on Mars. 

To form a magnetic anomaly (Mr > 20 A/m) with 
rocks of igneous composition (i.e. concentration of Fe 
~ 10 wt.%), three criteria must be fulfilled. (1) The 
rocks must contain single–domain (SD) magnetic par-
ticles, or particles with pseudo single–domain (PSD) 
magnetic properties. (2) The mineral responsible has to 
be substantially magnetic – titanomagnetite (Fe3-

xTixO4) with x = 0.6 is usually not magnetic enough to 
explain the high remanence magnetization of anoma-
lously magnetic rocks. (3) The amount of the magnetic 
phase in the rocks has to be at least of the order of one 
wt.%. If only one of these criteria is not fulfilled, the 
more common situation will be obtained, i.e. Mr ~1–5 
A/m.  

The Stardalur Anomaly: The farm Stardalur is 
located 20 km Northeast of Reykjavík. Aeromagnetic 
surveys revealed a positive magnetic anomaly, roughly 
2×2 km in dimension with surface residual magnetic 
fields as high as 28 µT. A drilling project was under-
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taken in the 70s to get access to the magnetic rocks and 
seek answers regarding the source of the anomaly 
[12,13]. The top 41 meters consist of olivine tholeiite 
lava and breccia of low magnetization. Below are 
highly magnetic early Quaternary lavas, extending to 
depths of at least 140 m. The remanence magnetization 
of these rocks was found to be Mr = 61 A/m on the 
average. The remanence direction from specimens 
from over 100 m of drill core was found to vary with a 
standard deviation of 4°, which is much lower than in 
other NW–Iceland basalts [13,14]. The magnetic min-
eral was in all cases determined to be pure magnetite 
(Fe3O4) [15], in submicron solvus–exsolution lamellae 
together with ilmenite (FeTiO3), originating from sol-
vus–exsolution of the original titanomagnetite [12]. 
The rocks were found to contain a rather large amount 
of iron (~12 wt.% Fe), still not anomalous, but the 
Mössbauer spectra (see fig. 1) show an unusually high 
fraction of the iron in the magnetite phase, of the order 
of 30%, while 2–5% is a more usual finding. 
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Fig. 1. Mössbauer spectra of a bulk sample and 
magnetic separate of a sample from the Stardalur 
anomaly (sample STI–60). The solid line shows the 
sum of the fitting components indicated with a bar 
diagram on top together with the spectral assign-
ments.  

The spectral line at ~ -6.7 mm/s is characteristic for 
the B sextet of magnetite (Mt–B), originating from 
Fe(II) and Fe(III) on octahedral sites, rapidly exchang-
ing an electron resulting in one sextet component. The 
presence of this sextet–component implies the pres-
ence of the A–line of magnetite (Mt–A) originating 
from Fe(III) atoms on tetrahedral sites in magnetite. 
This component is seen in Fig. 1 with slightly higher 
magnetic hyperfine field than the B–component. For 
pure magnetite, the area ratio between the Mt–A sextet 
and the Mt–B sextets is close to ½.  The center part of 
the spectrum is fitted with lines assigned to paramag-
netic minerals, such as Fe(II) in pyroxene 

(Fe,Mg)Si2O6, olivine  (Fe,Mg)2SiO4 and ilmenite. 
Additionally, the spectrum is fitted with a component 
assigned to paramagnetic Fe(III) mineral(s). Most 
likely, this is Fe(III) in pyroxene, but the hyperfine 
parameters are consistent with numerous mineral 
forms of Fe(III)–containing oxidation products, such 
as chlorite and illite. The hyperfine parameters and 
relative spectral areas are given in Table 1.  

Table 1: Hyperfine parameters obtained from si-
multaneous analysis of the spectra of the Stardalur 
sample STI–60. Columns 2–4 show the values of the 
magnetic hyperfine field, isomer–shift and quadru-
pole splitting/shift, and the last two columns show 
the area fractions in the spectra of the bulk and 
magnetic separates, respectively. 

Spectral 
Comp. 

Bhf 
(T) 

δ 
(mm/s) 

∆EQ 
(mm/s) 

Ab 
(%) 

Am 
(%) 

Mt–A 49.4(2) 0.28(2) <0.02 
Mt–B 46.2(2) 0.68(2) <0.02 31(2)a 64(2)a

Olivine  1.13(3) 2.69(6) 16(1) 7(1) 
Pyrox.   1.15(4) 2.02(7) 22(1) 7(1) 
Ilmenite  1.06(3) 0.74(6) 8(1) 13(1) 
Fe(III)  0.42(6) 0.9(2) 23(2) 9(2) 
aTotal spectral area of magnetite 

 
The hyperfine parameters are in good agreement 

with their assignments (see e.g. [16]). The ilmenite 
fraction increases in the magnetic separate, indicating 
that it is found in close intergrowths with the magnetic 
phase. Combining the results from Mössbauer spec-
troscopy with the results from magnetization meas-
urements (σS,rock = 5.2(2) Am2/kg, Mr ~ 60 A/m) and 
elemental analysis (11.9(4) wt.% Fe), we find the satu-
ration magnetization of the magnetite to be 100(4) 
Am2/kg, in rough agreement with theoretical values, 
and the remanence magnetization of the magnetite to 
be 1164(70) A/m (STI–60). It is assumed in these cal-
culations that the iron in the different minerals has the 
same recoil–free fraction or Debye–Waller factors. For 
iron containing rock–forming minerals the recoil–free 
fractions are similar, and measurements at low tem-
peratures (not shown) ensure that there are no missing 
fractions in the room temperature measurements.    

The Stardalur rocks contain unusually high amount 
of magnetite. However, this alone does not explain the 
remanence found. Most likely, the rocks at Stardalur 
have been exposed to geothermal annealing at tem-
peratures above the Curie temperature. This has led to 
solvus–exsolution of the original titanomagnetite re-
sulting in the highly magnetic mineral magnetite with 
PSD magnetic properties. How the solvus–exsolution 
has led to the pure form of the magnetite and absence 
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of other oxidation products is a very interesting ques-
tion, which we will not attempt to answer here.  

The Bolungarvík rocks: The site called Bolun-
garvík is situated in the Tertiary part of Iceland, 
mainly built up of flood basalts representing the oldest 
exposed rocks in Iceland (14–16 M.y.).  

During field work at the mountain Traðarhyrna 
close to the village Bolungarvík, samples were taken 
from 26 lavas (no. 26 on top) and investigated for their 
magnetic properties and remanence direction (L. Krist-
jánsson, private communication). Samples from three 
of these lavas were found to be unusually highly mag-
netic (Mr up to ~60 A/m). Fig. 2 shows representative 
Mössbauer spectra of samples from one of the lavas.  
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Fig. 2: Mössbauer spectra of two samples from 
Bolungarvík. The solid line shows the sum of the 
fitting components. The bar diagram shows line 
positions for the sextet components. 

The main difference of the spectra in comparison 
to the spectra of samples from Stardalur is seen at 
negative velocities as a difference in the area ratio be-
tween the A and B sextets. This is caused by the pres-
ence of both hematite (α–Fe2O3) and fully oxidized 
titanomaghemite (γ–Fe8/3-4x/3TixO4) [18]. Fully oxidized 
titanomaghemite in Icelandic basalts has been shown 
to form as an oxidation product of titanomagnetite Fe3-

xTixO4 with x > 0.2 while the oxidation of pure mag-
netite favors the formation of hematite [17]. The 
Mössbauer spectra of the two additional minerals are 
rather similar, but hematite shows a quadrupole shift 
(∆EQ = -0.2 mm/s) while titanomaghemite may be as-
sumed to have only a small quadruple shift (|∆EQ| < 
0.05 mm/s) due to the cubic structure of the Fe sites. 
Inserting these values as constraints in the simultane-
ous analysis of the spectra, meaningful results are ob-
tained. The same paramagnetic minerals are found in 
the spectrum as in the case of the STI–60 sample.  

Apart from few samples containing titanomagnetite 
(x > 0.2) and of low remanence, the samples from 

Bolungarvík can be roughly subdivided into two 
groups depending on their Mössbauer spectra and 
magnetic properties. (A) Samples containing fully oxi-
dized titanomaghemite, almost pure magnetite (x < 
0.05) and hematite, but with low remanence intensities 
(<10 A/m). (B) Samples like (A), but with high rema-
nence (>20 A/m). The Mössbauer spectra of the latter 
samples show generally larger peaks for the magnetic 
sextets, and less ilmenite than in the spectra of samples 
(A). This is easily seen, when comparing the spectra of 
the magnetic separates in Fig. 2, where the quadrupole 
split lines of ilmenite dominate the center part of the 
spectrum of the sample with low remanence.   

This may suggest the following hypothesis for the 
origin of the magnetism in the samples. Storage at 
temperatures below 200°C for millions of years, leads 
to the solvus–exsolution of titanomagnetite to ilmen-
ite/magnetite structures. If, however, the rocks are ex-
posed to a high temperature event, the formation of 
fully oxidized titanomaghemite and magnetite takes 
place, as has been demonstrated in annealing experi-
ments [17]. Both processes are known to lead to PSD 
magnetic properties, but the latter one has taken place 
at temperatures above the Curie temperature of the 
original titanomagnetite, leading to a realignment of 
the magnetic moment. There are no signs of hydro-
thermal activity in the area, and possibly lightning 
strikes could be an explanation for the annealing event. 

It is not possible to state here with confidence, 
which of the magnetic minerals is responsible for the 
high remanence magnetization. However, combining 
the results from Mössbauer spectroscopy with  meas-
urements of magnetic properties and elemental analy-
sis, an average over the magnetic oxides in the 
strongly magnetic samples gives a value of Mr ~ 
1270(80) A/m (GF22–1). 

The Kjalarnes anomaly: About 15 km north of 
Reykjavík, just outside the Kjalarnes peninsula, an 
aeromagnetic survey has revealed a strong negative 
magnetic anomaly [19]. The residual magnetic field 
900 m above the surface is as strong as -3.8 µT. On-
shore, highly magnetic intrusive rocks are found (Mr as 
high as 50 A/m).  

The Mössbauer spectra of samples from Kjalarnes 
are very different from the spectra of the samples from 
both Stardalur and Bolungarvík (see Fig. 3). The sextet 
component shows broad lines with reduced magnetic 
hyperfine field indicating a distribution in Fe environ-
ments, hampering a detailed analysis of the Mössbauer 
spectra. Still, the average valence state of iron in the 
magnetic phase can be estimated to be 
Fe(III)sextet/Fe(tot)sextet = 0.67(5), and the area fraction, 
or the relative concentration of Fe in the magnetic 
phase can be estimated (here 33(2) %). 
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Fig. 3: (A) Mössbauer spectrum of a sample from 
Kjalarnes (KJ–E1). The solid line shows the sum of 
the fitting components. (B) Curie temperature de-
termination. 

A possible explanation for the spectral shape could 
be that the magnetic phase is titanomaghemite (not 
fully oxidized), and this is supported by X–ray diffrac-
tion results, which show the presence of a spinel phase 
and the absence of a rhombohedral phase (hematite). 
Attempts to  obtain a magnetic separate by crushing 
the samples down to an average particle size ~ 50 µm 
and applying a hand magnet proved  only moderately 
successful (increase in the spectral fraction of sextets 
by ~10%). This suggests small (micrometer–sized) 
particles of the titanomaghemite, as confirmed by  in-
spection with an optical microscope. The Curie tem-
perature (see Fig. 3) is found to be 350(50)°C, giving 
the Ti/Fe ratio of 0.25(5) using lattice parameter/Curie 
temperature diagrams (see e.g. [20]). Combining these 
findings with the results of the elemental analysis and 
the magnetic properties measurements, it is possible to 
estimate the saturation magnetization of the magnetic 
phase to be σS = 33(4) Am2kg-1 and the remanence 
magnetization of the spinel phase to be Mr = 1035(90) 
A/m (KJ–3). The samples from Kjalarnes show rather 
poor thermal stability, and this is readily seen in the 
Curie temperature determination, where the Curie 
temperature increases upon annealing. Therefore, it 
seems rather unlikely that the rocks have been sub-
jected to an annealing event, and more likely that the 
rocks solidified under oxidizing conditions. All these 
results suggest that the magnetism of the samples is 
due to SD titanomaghemite. 

Discussion: The features common to the anoma-
lous rocks in the present study are: Unusually  high 
concentration of spinel phases in the rocks, and 
remanence magnetizations of the magnetic phases of 
the order of 1000 A/m. Only 2 wt.% of such material 
is needed to explain the remanence properties of the 
Martian crust, a value not too different from the find-

ings in the SNC meteorites [21]. At least two different 
processes seem to lead to the formation of highly mag-
netic rocks. High–temperature oxidation of the magma 
prior to or during quenching, leading to the formation 
of SD titanomaghemite (Kjalarnes) or annealing of the 
lava above the Curie temperature (Stardalur, Bolun-
garvík). Which of these processes is a better candidate 
for the interpretation of  events on Mars cannot be 
answered here. Kjalarnes seems to offer the simpler 
explanation, where the formation of the anomaly has 
taken place in a single process. However, the anneal-
ing hypothesis is not an unlikely scenario. The thick-
ness of the crustal rocks that give rise to the anomalies 
on Mars may offer the necessary clue. The rocks have 
probably solidified deep below the surface, at tempera-
tures above the Curie temperature. The slow cooling 
has then led to the annealing situation that may have 
given the rocks their PSD magnetic properties. 

Conclusions: Three magnetic anomalies in Iceland 
have been studied. The carrier of the remanence mag-
netization is in all cases Fe–Ti oxide phases. Only 2 
wt.% of the magnetic material is needed to explain the 
magnetic properties of the Martian crust. 
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Introduction: The data from the Pathfinder mis-

sion have given a significantly better picture of the 
properties of the magnetic dust suspended in the Mar-
tian atmosphere [1–3]. However, new questions have 
been raised, related to the properties of the dust and 
the potential of using the dust to learn more about at-
mosphere–surface interactions [3]. These questions 
have stimulated interest in the development of an in-
strument that could measure the accumulation of mag-
netic dust to permanent magnets with a better resolu-
tion (in both time and mass) than was possible during 
the Pathfinder mission [4]. 

Recent experiments performed under Martian con-
ditions on the electrical properties of Mars analogue 
dust [5] have shown that the dust is electrically 
charged, in the sense that it is attracted by electrodes. 
The dust was found to be both positively and nega-
tively charged in roughly equal amounts. The charging 
does not seem to originate from collision processes, 
and surface chemistry has been suggested [5]. 

We have developed a small instrument, based on 
optical detection of dust on surfaces. In this contribu-
tion, the scientific objectives that could be addressed 
with such an instrument will be described, and results 
obtained under simulated Martian conditions are given. 

Removal of dust from magnets: Among the more 
astonishing results from the Magnetic Properties 
Experiment onboard the Pathfinder lander was the fact 
that dust had been removed from the magnets on at 
least two occasions during the mission [3]. Most 
prominent was the removal of material between Path-
finder Sols 23 and 26, when approximately 25% of the 
dust on the strongest magnet of the lower Magnet Ar-
ray was removed as evaluated from the change of con-
trast in the images. It was suggested that the removal 
of dust must involve interaction with particles that are 
already in suspension in the atmosphere, i.e. in a way 
in many respects similar to the process of sand–
blasting [3]. 

Current models of the interactions between the air-
borne dust and the dust accumulated onto the magnets 
[4] indicate that some fundamental knowledge on the 
nature of these dust devils is lacking. Possible hy-
potheses are that either these events are more frequent 
or that the amount of dust in a dust devil has been 
largely underestimated previously.  

Not enough is known about dust devils on Mars to 
fully understand the implications for landers/astronauts 
on the surface of Mars. Magnets could offer a unique 
opportunity to study such events under quantitatively 
controlled circumstances. Magnets of different 
strengths would at any given time hold different con-
centrations of dust. During a dust removal event, it 
could be tested whether the removal is proportional to 
the concentration of dust, and by placing the magnets 
in different ways on the lander, directional effects 
could be evaluated. These events could then be simu-
lated in a wind tunnel on Earth in order to gain deeper 
insight into the erosion power of the sand–blasting 
mechanism, and such data could give vital clues to 
wind erosion processes taking place on Mars today. 

Optical Properties: The optical reflection spec-
trum of the dust accumulated to the strongest magnets 
of the Magnet Array shows characteristic differences 
in comparison to the dust on the ground surrounding 
the Pathfinder landing site [6,3]. While the slope of the 
reflection curve above 750 nm is negative for most 
soil/dust near the landing site, the reflection spectrum 
of the material accumulated to the strongest Pathfinder 
magnets shows a positive slope.  

Several hypotheses have been put forward to ac-
count for this difference (see e.g. discussions in [3] 
and [4]). One hypothesis is that the magnetic phase 
consists of Fe–Ti oxides [7], another that the magnetic 
dust lacks mafic material in comparison to the soil/dust 
in general [6] or that the particle size distribution of 
the material accumulated by magnets differs signifi-
cantly from the particle size distribution of the atmos-
pheric dust. [3].  

The diversity of these explanations does not allow 
for definite conclusions regarding the nature of the 
magnetic dust. It is clear though that obtaining the re-
flection spectrum of the material accumulated to 
weaker magnets (strongly magnetic particles) would 
give information that might distinguish between some 
of these hypotheses. 

The magnetic mineral responsible for the magnetic 
properties of the Martian soil and dust might contain 
important clues to the evolution of the Martian surface 
(see e.g. [8] and references therein), especially to the 
role of water. The identification of the mineral and its 
properties is hence of interest. Presumably, obtaining 
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material on a sample return mission for laboratory in-
vestigations is the best way to study this. If, however, 
only limited amounts would be acquired and the mag-
netic component is a minor component of the dust (say 
<< 1 %), one would be interested in sampling this 
component by magnetic methods to obtain enough 
samples for the identification.    

To some extent, hopefully, this issue will be re-
solved on future missions to Mars. Included in the 
payload of NASA's 2003 Mars Exploration Rover mis-
sion (launched in 2003, landing in 2004) [9] are mag-
nets [10] that will accumulate dust for investigations 
by Mössbauer spectroscopy [11] and APX–fluorescent 
spectroscopy (elemental analysis) [12]. These meas-
urements will undoubtedly be of vital importance in 
determining the magnetic minerals responsible for the 
magnetism of the soil/dust on Mars. 

Magnetic properties: Another fundamental prop-
erty of the dust is the distribution of the magnetization 
as a function of particle size. Insight into this property 
is stimulated by the discovery of magnetic anomalies 
on Mars [13] i.e. the presence of highly magnetic ma-
terial in crustal rocks. If the magnetic dust on Mars has 
formed from breakdown of rocks containing submi-
cron single domain Fe–Ti oxide phases, one would 
expect some of the smaller particles to contain rela-
tively larger amounts of the magnetic phase. If, on the 
other hand, the magnetic phase has formed via precipi-
tation in water then the magnetic properties would 
depend less on the particle size. Dependence of optical 
properties and accumulation rates onto magnets of 
differing strength could give a deeper insight into these 
properties.  

Electric charge of dust: Recent experiments per-
formed under Martian conditions [5] using Mars ana-
logue dust have shown that almost all the dust particles 
appear to be electrically charged. Fig. 1 shows a typi-
cal result from the experiments. 

There is a significant increase in the dust enhance-
ment on both the 300 V and 0 V electrodes. Charged 
dust will be affected by the local electric field and at-
tracted to one electrode or the other. This shows that 
the dust is both positively and negatively charged.  

Detailed in–situ measurements of the accumulation 
of dust due to electrical charging may give valuable 
information of the electrification of the Martian aero-
sol and insight into the dust chemistry, mineralogy and 
size. 

Dust Accumulation Rate Experiment (DARE): 
For the reasons mentioned above, an interest in detect-
ing the amount of dust on magnets with improved 
resolution (in mass and time) has developed. We have 
worked on a simple experiment, utilizing optical detec-
tion of accumulated dust, which has been given the 

working title "Dust Accumulation Rate Experiment" 
(DARE). 

Basic Principles of the DARE: The basic ideas be-
hind the DARE are illustrated in Fig. 2.  
 

 

Fig. 1: Figure 1a and 1b show respectively the ver-
tical and horizontal electric field components at two 
heights of 0.5 mm and 5 mm above a set of three 
electrodes with the central electrode on 300 V rela-
tive to the other two. Figure 1c shows the optical 
absorbance (proportional to material accumulated 
relative to background). Figure 1d shows the same 
for a side wind (from the right). 
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Fig. 2: Schematic drawing to illustrate the central 
idea behind the Dust Accumulation Rate Experi-
ment. Some of the parameters that may be varied 
in such a system are shown. 

A magnet/electrode, a light source and detector are 
embedded in a transparent material. When dust accu-
mulates onto the surface of the instrument, an increas-
ing fraction of the light will be reflected towards the 
detector. When far from saturation, the signal from the 
detector will be approximately proportional to the 
amount of dust accumulated. Using light sources of 
different colors, spectral information on the accumu-
lated dust can be obtained. The benefits of this 
method, in comparison to the magnets onboard the 
Pathfinder mission, are numerous. The resolution of 
dust loading on the device will be better than 0.2 
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µg/cm2, compared to roughly 20 µg/cm2 on the Path-
finder magnets. As the instrument does not need to be 
imaged from an onboard camera, the device can be 
miniaturized considerably compared to the Pathfinder 
Magnet Arrays. The power consumption and the 
amount of data from each measurement are so low that 
continuous (> 1 sec-1) measurements will be possible 
and the experiments are not dependent on (unstable) 
solar illumination. The device contains no movable 
parts, but a major drawback in comparison to passive 
magnets is the fact that the instrument has to be 
adapted to the electric power system, computer and 
data system of the landers.  

Test results: After some preliminary testing to 
demonstrate the principle of operation for a device of 
the type described above, a prototype was built, which 
could operate under Martian conditions using magnetic 
capture of particles. This device was tested in the Mars 
Wind tunnel at Århus University, Denmark [14]. 
Speed and number density of dust particles were moni-
tored using a Laser Doppler Anemometer. All experi-
ments where performed at room temperature using air 
at pressures of 9–10 mbar. The device uses three pairs 
of LEDs in different colors, red, green and blue. One 
set is covered with a color reference and used for ref-
erence purposes. The magnet is a Sm2Co17 Pathfinder 
type ring shaped magnet [15], situated 2 mm below the 
active surface. 

The instrument was operated in the following way: 
A super–cycle of approximately 180 ms was used. 
Each super–cycle started with a timing reference, and 
then each of the six light emitting diodes (LED’s) were 
activated one after another for approximately 13 ms, 
separated in time by 13 ms. The voltage reading from 
the photodiode was fed to a computer through a 12 bit 
A/D converter. The computer found the timing refer-
ence, and extracted the signal from each LED. 

Not all parameters have yet been optimized in this 
system. One promising possibility for further im-
provement would be to use laser diodes instead of 
LEDs, and a CCD detector instead of the photodiode. 
Despite that, a very good detection resolution was 
found (~0.2 µg/cm2) and the data quality was found 
well within the limits of what could be hoped for.   

Generally, the signal from the diodes will depend 
on the amount of dust accumulated, the reflection 
properties of the dust and the particle size. To extract 
the reflection properties, one could place a white refer-
ence over part of the magnet, and observe the instru-
ment with an onboard multi–spectral imaging system. 
This would allow calibration of the signal in terms of 
dust accumulation and allow the reflection spectrum of 
the dust to be deduced. Fig. 3 shows the spectrum of 

the Salten Skov Mars analogue material [14] and the 
reflection found by the DARE.  
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Fig. 3. Diffuse reflectivity of the Salten Skov ana-
logue, compared to the results obtained with 
DARE. 

The Salten Skov analogue consists of micrometer–
sized aggregates of nanometer sized ferric oxide parti-
cles, including maghemite (γ–Fe2O3) and hematite (α–
Fe2O3). The strong charge transfer absorption band in 
the near UV, characteristic of ferric iron oxides, gives 
rise to the overall shape of the spectrum. There are also 
signs of the crystal field transition bands near 630 nm 
and 850 nm, showing that at least part of the iron oxide 
particles are larger than ~10 nm. Clearly, the DARE 
instrument is capable of reproducing the spectral in-
formation of the dust in these spectral channels. In a 
real situation, one would select light sources emitting 
at different wavelengths, to maximize the scientific 
output of the experiment.  

The capture of magnetic dust is generally a compli-
cated process depending on various parameters and in 
particular on the magnetic properties of the dust. To 
describe the capability of the magnets to capture mag-
netic particles the so–called “Capture Cross Section 
Height” (CCSH) [3] has been defined. This is an 
imaginary scale height above the magnet, for which 
particles moving on (horizontal) paths below this 
height will be captured by the magnet and those above 
will escape capture. In calculating the CCSH, one as-
sumes that the wind profile is constant above the sur-
face of the magnet, so this height does not take into 
consideration details of the wind profile or turbulence. 

Fig. 5 shows the CCSH as a function of wind ve-
locity for two strongly magnetic materials of different 
magnetization, maghemite (σS = 70 Am2kg-1) and 
hematite (σS = 0.4 Am2kg-1) from experiments in the 
Århus wind tunnel.  

The hematite was prepared by annealing the 
maghemite at 600°C in air overnight. The particle size 
distribution is unaffected by the annealing, which only 
changes the magnetic properties of the material. 
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As the wind speed increases, the capability of the 
magnets to capture magnetic dust decreases. It is also 
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Fig. 4: Capture cross section height as a function of 
wind velocity for particles of maghemite and hema-
tite (from [4]). 

seen that the probability of capturing the strongly mag-
netic particles of maghemite is much higher than is the 
case for hematite. The CCSH for maghemite is roughly 
one order of magnitude higher than that of hematite, in 
spite of the two orders of magnitude difference in the 
magnetization of these materials. This illustrates the 
importance of aerodynamics in the capture mechanism, 
and shows that the details in the airflow above the 
magnet surface are of importance in order to model the 
capture correctly. 

Concluding remarks: The DARE instrument has 
been shown to be capable of sensitively and accurately 
measuring dust accumulation in a realistic simulated 
Martian environment. The instrument will allow in–
situ studies of the complicated process of capture of 
magnetic dust. Though it could in principle work 
alone, the usefulness of this instrument would be sub-
stantially increased by making it a part of another in-
strument which measures one or more of the properties 
of the dust such as wind velocity and/or particle den-
sity (size). One possibility is a simple laser anemome-
ter [16].  

If so desired, the detailed design of the instrument 
could be modified in many different ways. One could 
apply magnets of different strengths, and in particular 
use one unit without magnet, use laser diodes of vari-
ous colors and mount the device in different geome-
tries, making use of gravity as a known directional 
force, or use electrodes to accumulate charged parti-
cles [4].  

DARE would seek answers to some fundamental 
scientific questions which are of importance in order to 
understand ongoing processes of dust erosion on Mars 
and the origin of the magnetic dust as well as shed 

light on the role of water in the soil forming processes 
on Mars. 
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GUSEV AND MERIDIANI WILL LOOK DIFFERENT: RADAR SCATTERING PROPERTIES OF THE
MARS EXPLORATION ROVER LANDING SITES.  A. F. C. Haldemann1, K. W. Larsen2, R. F. Jurgens1, M. A.
Slade1, B. J. Butler3, R. E. Arvidson2, and, J. K. Harmon4, 1Jet Propulsion Laboratory, California Institute of Tech-
nology, M/S 238-420, Pasadena, CA 91109-8099 (albert@shannon.jpl.nasa.gov), 2Dept. Earth and Planetary Sci-
ences, Washington University, St. Louis, MO, 3National Radio Astronomy Observatory, Array Operations Center,
P.O. Box O, Socorro, NM 87801, 4National Astronomy and Ionosphere Center, HC3 Box 53995, Arecibo PR 00612.

Introduction: Analysis of all existing radar data
for the two Mars Exploration Rover (MER) landing
sites at Meridiani Planum and Gusev Crater suggest
that their meter-scale morphological appearance will
be noticeably different than previous Mars landing
sites; their “human-scale”, decimeter- to meter-scale
roughness is not the same as for previous Mars landing
sites. We make this prediction based on a comparison
of the MER landing sites.

Radar Data:  Earth-based radar observations of
Mars have been ongoing since the 1960’s, with some
quantitative data even surviving from the earlier obser-
vations. The observations have been carried out at both
12.6 cm (S-band) and 3.5 cm (X-band) wavelengths
using circularly polarized transmitted signals. The ech-
oes can then be received in both the same sense of cir-
cular polarization (SC) and opposite sense of circular
polarization (OC).

Figure 1. Radar scattering properties of the Viking 1, panels (a) and (b), and Mars Pathfinder landing sites, panels
(c) and (d). Solid lines are OC polarization and dotted lines are SC polarization. The left-hand panels are for X-band
and show GSSR quasi-specular delay-Doppler Hagfors model fits and G-VLA diffuse scattering cosine model fits.
The dashed lines show the range of values from the GSSR fits. The right-hand panels are for S-band and show the
Moore and Thompson [1] OC and SC scattering models for the units in which the MER landing ellipses are located.
The points at q ~ 30° are SC cross section determinations by [2]. The Viking 1 dashed line data are (also) from [2].
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Quasi-specular scattering data. Mirror-like reflec-
tions of circularly polarized radar energy dominates the
OC echoes at small incidence angles, q, less than about
20°, because these quasi-specular reflections cause a
polarization flip. The behavior of the radar cross sec-
tion as a function of q is well-modeled for Mars by the
Hagfors model [3]. The mirror-like reflections are un-
derstood to be controlled by radar-facing facets with
characteristic length-scales from 10x to 100x the inci-
dent wavelength.

Quasi-specular scattering model parameters are
obtained from delay-Doppler radar experiments, which
have been performed by the Goldstone Solar System
Radar (GSSR) at S- and X-bands, and the Arecibo Ob-
servatory radar at S-band.

Diffuse scattering data. At all incidence angles ra-
dar energy is diffusely scattered and multiply scattered
by interaction with surface roughness elements at the

scale of the incident wavelength, and produce echoes
in both OC and SC polarizations. This scattering
mechanism dominates the radar cross section for q
greater than about 30°. Diffuse backscatter incidence
angle dependence is described with a cosine model.
Here we use the amplitude of the diffuse backscatter
component is a comparative measure of the wave-
length-scale roughness of the target surface.

Diffuse scattering model parameters have been
obtained from monostatic continuous wave (CW) radar
observations of Mars by both GSSR and Arecibo, as
well as by interferometric imaging with the Very Large
Array (VLA) of GSSR CW illumination of Mars.
Long-code method delay-Doppler imaging by the Are-
cibo Observatory also produces radar cross sections at
large incidence angles.

Figure 1. con’t. Radar scattering properties of the Meridiani Planum, panels (e) and (f), and Gusev Crater, panels
(g) and (h), MER landing sites. Solid lines are OC polarization and dotted lines are SC polarization. The left-hand
panels are for X-band and show GSSR quasi-specular delay-Doppler Hagfors model fits and G-VLA diffuse scat-
tering cosine model fits. The dashed lines show the range of values from the GSSR fits. The X-band GSSR data at
Gusev crater are for the same geologic unit as the crater, but are not inside the crater. The right-hand panels are for
S-band and show the Moore and Thompson [1] OC and SC scattering models for the units in which the MER land-
ing ellipses are located. The dashed line quasi-specular data for Gusev crater is from GSSR [4].
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Landing Sites: Radar data have been used to char-
acterize past Mars landing sites [e.g. 5, 6], and the
MER landing sites are no exception, since the MER
landing system needs both radar reflectivity and ap-
propriate levels of surface roughness.

In Figure 1 we plot the incidence angle behavior of
radar cross-section for OC and SC polarizations at both
X- and S-bands using data from various sources. We
qualitatively analyze the data here, by comparing the
radar backscatter behavior of the MER sites to the Vi-
king Lander 1 (VL1) site and the Mars Pathfinder site
(the Viking Lander 2 site is not considered because it
is too far north to obtain direct quasi-specular infor-
mation). More quantitative analyses will be presented
at the meeting.

Meridiani Planum. The quasi-specular component
at both X- and S-bands in the OC channel is signifi-
cantly enhanced with respect to VL1 and MPF site.
This indicates that 35 cm to 12 m length-scale rough-
ness will be much less than the previous sites. The dif-
fuse backscatter components are lower than the older
sties too, thus the decimeter roughness will also be less
than previously seen at the surface of Mars.

Gusev Crater. The X-band quasi-specular GSSR
data for the geologic unit mapped inside Gusev are
actually from the same unit at another location. Nev-
ertheless, the lower level of the quasi-specular cross-
section could suggest either that the 35 cm to 3.5 m
roughness is somewhat greater than at VL1 or MPF, or
that the surface is less radar reflective. Gusev thermal

inertia measurements would suggest that either the
former or a combination of the two interpretations is
correct. The enhanced X-band diffuse cross-sections
along with the reduced S-band diffuse cross-sections
suggest that roughness at the suface is more important
at 3.5 cm than at 12 cm. At the quasi-specular length-
scale of interest for the S-band data from GSSR in
1973 (dashed) suggest that the Gusev ellipse exhibits
greater roughness at 35 cm to 3.5 m than at 1.2 m to 12
m. This distinct scale-dependence of roughness in the
meter-range is not observed at VL1 or MPF.

Conclusion: The radar backscatter properties of
the selected MER landing sites are distinct from the
Viking 1 and Mars Pathfinder sites. The images taken
by the MER cameras on the surface will show a terrain
that is morphologically different at “human scales”
from those previous Mars landing sites.
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JGR, 102, 4081-4095. [3] Hagfors T. (1964) JGR, 69,
3779-3784. [4] Downs G. S., Reichley P. E., and
Green R. R. (1975) Icarus, 273-312. [5] Masursky H.,
and Crabill N. L. (1976) Science, 809-812. [6] Halde-
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Introduction:  Over the past decade there has been an
increased interest in water-ice clouds in the Martian
atmosphere and the role they may play in the water
cycle.  Water-ice clouds in the Martian atmosphere
have been inferred, historically, through observations
of “blue” and “white” clouds [1], but the first positive
confirmation of water-ice in the atmosphere came
during the Mariner 9 mission, through the Infrared
Interferometer Spectrometer experiment [2]. Subse-
quent data sets have continued to show evidence for
water ice clouds.

More recently, work has suggested that clouds
forming in a low-latitude belt during the northern
spring/summer time frame (the aphelion cloud belt)
may be retaining water in and scavenging water to the
northern hemisphere [3,4].  This cloud belt forms dur-
ing northern spring/summer.  At the current epoch,
Mars’ northern spring/summer timeframe coincides
with aphelion (Ls=71°), causing the atmospheric tem-
peratures to be lower in this season, allowing water-ice
clouds to form more readily than during the perihelion
season.  Ice particles in the clouds may gravitationally
settle, confining water to the northern hemisphere.
This settling may also remove dust acting as cloud
condensation nuclei, decreasing the radiative heating
potential of the atmosphere further.  This is a powerful
mechanism to explain why Mars’ northern hemisphere
contains substantially more water than the southern
hemisphere.

Furthermore, the aphelion cloud belt was not origi-
nally recognized as an annual feature in the Martian
climate and was originally proposed to be due to a cli-
mate change since Viking [3].  However, Viking data
did show the aphelion cloud belt over two Martian
years [5], as well as widespread and frequent water ice
clouds throughout the Martian year. Water ice clouds,
and specifically the aphelion cloud belt, have also been
seen through the MGS TES data set [6-10].  Since this
belt is now seen as most likely an annual feature of the
Martian climate, it is desirable to understand its char-
acteristics, such as its spatial and temporal extent, and
variations in opacity, temperature, and altitude. To
date, the only two data sets offer the potential to ex-
amine year-to-year changes in cloud features over an
entire Martian year:  the Viking Infrared Thermal
Mapper (IRTM) data set [5] and the Mars Global Sur-

veyor (MGS) Thermal Emission Spectrometer (TES)
data set [6-10].  We have examined the TES data in the
same way in which we examined the Viking IRTM
data  [5; 9-10] This provides water-ice cloud informa-
tion separated in time by 12 Martian years.  Since the
data are analyzed with the same method, we obtain a
very accurate “apples to apples” comparison, and can
generate a historical record of the subtleties of this an-
nual event.  However, the methodology used in our
retrievals of water-ice clouds from TES data differs
from the methodology used by [6-8]. Consequently, it
is desirable to compare their results to ours to see what
differences exist, and better assess the strengths of both
methods.

Method:   To assess the true extent of the interan-
nual variability in water-ice cloud formation, a direct
and robust method for comparing these different data
sets and time periods has been used [5].  The water-ice
cloud retrieval technique developed to analyze the
broadband Viking IRTM channels [5] has been applied
to the TES data.  To do this, the TES spectra are con-
volved to the IRTM bandshapes and spatial resolu-
tions, enabling the same processing techniques as were
used in Tamppari et al. [5].  The resulting cloud maps
are therefore directly comparable to those created for
the Viking time period.  This method is powerful, but
it cannot be applied over cold surfaces, as it relies on
sensing a cold cloud over a warmer surface. Therefore,
areas of the surface which the surface model expects to
be cold are explicitly ignored. Figure 1 a and b show a
typical result for MGS TES and Viking IRTM. Others
[6-8] have determined water-ice opacities from the
TES spectra by first computing a column integrated
opacity for pure atmospheric absorbers as a function of
wavenumber, and then estimating the water ice contri-
bution by simultaneously fitting predetermined spectral
shapes for atmospheric dust, water ice, as well as non-
unit surface emissivity. The method also assumes that
the absorber, in this case water ice, is well mixed in the
atmospheric column, an assumption that may not be
correct. This method also becomes noisy over cold
surfaces, but can still be applied. Figure 2 shows a map
for the same Ls range and Martian year as figure 1a in
opacity data, though it includes a larger latitude range.
The large opacity signature at high southern latitude is
real; analysis of MOC images in this time frame [11]
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show cloud cover in the areas of high opacity, but
these images cannot tell us the composition of the
clouds beyond the fact that they are condensate and not
dust. Since this clouded area is part of the southern
polar hood, it may also contain CO2 as well as water
ice clouds. It should be noted that the color scale on
figures 1 and 2 are not the same. In figure 1, blue indi-
cats water ice clouds, whereas in figure 2 redder areas
indicate areas of high water ice opacity.

Conclusions: Method Comparison: Similar cloud
features are seen in maps generated with each method
with no obvious outliers. The temperature differencing
method appears to possibly be somewhat more sensi-
tive to weaker water ice signatures. We have also gen-
erated correlation plots comparing the two methods
(figure 3). At strong delta-T signals, the correlation
between the two methods is quite good, and therefore
extraction of opacities from earlier Viking data may be
possible for these stronger detection levels. Weaker
detections do not, however, show such a good correla-
tion. We are currently analyzing why the correlation
becomes poor at weak signal levels, though it may be
due to the fact that the differencing method may be
more sensitive to thin cloud hazes. Results of this on-
going analysis will be presented.

Conclusions: Viking and MGS eras: While the
data coverage is much greater in the TES data set, wa-
ter-ice cloud maps from the same seasons have similar
characteristics to those seen in the Viking dataset.  In
particular, the aphelion low-latitude cloud belt is
prominent, as is the cloud cover over Hellas and the
topographic highs.  Analysis of the differences and
similarities between the results generated by each
technique is ongoing.  Due to gaps in data coverage,
this aphelion cloud belt is not as well seen in this par-
ticular Viking map (figure 1b), but it is clearly present.
In addition, a strong cloud signature in Figure 1a, indi-
cating either a colder or thicker water-ice cloud, is pre-
sent over Elysium Mons, over the Tharsis volcano re-
gion, and over the northern part of Hellas basin.  Re-
sults in other Ls ranges are similar; that is, prominent
features seen by Viking are also observed by MGS,
though of course coverage in the Viking data is less
extensive.
 References:  [1]ÊSlipher, E. C. (1962) Mars, Northland
Press. [2]ÊCurran, R. J. et al. (1973) Science, 183, 381-383.
[3]ÊClancy, R. J. et al. (1996) Icarus, 122, 36-62.  [4]
Richardson, M. I., et al. (2003) JGR, 107, 5064- 5093. [5]
Tamppari, L. K. et al. (2000) JGR, 105 4087 - 4107. [6]
Smith, M. D et al. (2001) GRL, 28, 4263-4266. [7] Smith, M.
D. (2001b) et al., JGR, 105 9539-9552.  [8] Pearl, J. D. et al.
(2001) JGR, 106, 12325-12338. [9] Hale, A.S.  et al. (2002)
34th DPS, 15.11. [10] Tamppari, L.K., et al. (2002) 34th DPS
06.06. [11] Wang and Ingersoll (2002) JGR, 107 E10 1-8.

Figure 1: (a) Water ice clouds for Ls 110 Ð 125 as
seen by TES in MGS extended mission. (b) Water ice
clouds as seen by Viking IRTM for the same Ls
range. Though coverage in the Viking data is not as
complete, similar features are seen.

Figure 2: The same Ls range and era (MGS extended
mission) mapped in water ice opacity. Note that the
color scale is reversed, with red indicating high water
ice opacity, and that a greater latitude range is shown.

Figure 3: Cor-
relation plot of
data from Fig-
ure1a and fig-
ure 2. Note the
strong corrlea-
tion at high
opacities and
delta T values.
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Introduction:  The objective of this study is to 

place constraints on the composition and effective 
mean particle size of fine particulate mineralogies on 
the Martian surface.  This objective is met via com-
parisons between infrared spectra of Martian bright, 
dusty regions and a variety of igneous analogue mate-
rials at a range of particle size fractions. 

Background: Before discussing the details of the 
new work presented here, it is appropriate to provide 
context in terms of prior laboratory work on infrared 
spectra of particulate mineral and rock samples, and 
the current state of knowledge with respect to the 
thermal infrared spectrum of Martian dusty regions. 

Infrared Spectra of Particulate Minerals & Rocks. 
Numerous investigators have studied the effects of 
particle size on the thermal infrared spectra of minerals 
[e.g., 1-8].  Changes arise in the infrared spectral char-
acter of minerals if the mineral under observation is 
physically dominated by particles whose sizes ap-
proach or are smaller than the wavelength of observa-
tion. This behavior is commonly referred to as “vol-
ume scattering”, and is increasingly apparent with de-
creasing mean particle size.  In silicate minerals, a uni-
form (blackbody) decrease in spectral contrast/band 
depth at wavenumbers less than ~1250 (wavelengths 
greater than 8 µm) is observed first as mean particle 
size decreases, and as mean particle size decreases 
further, the appearance of transparency features be-
tween the silicate reststrahlen bands and at wavenum-
bers greater than ~1250 are also common.  Transpar-
ency features at high wavenumbers in silicates are ex-
pressed as increasingly reduced emissivity with in-
creasing wavenumber, producing a strong spectral 
slope.  Commonly, the onset of this behavior at ther-
mal infrared wavelengths is observed at particle sizes 
of ~100 µm and under [e.g., 7], although a specific 
cutoff dimension has not been identified.  Despite the 
considerable attention devoted to the physics of parti-
cle size effects in pure minerals [e.g., 6-10], very little 
attention has been given to these effects in physical 
mixtures (e.g. dusts and sands derived from rocks 
[11]), largely because the physics of light interaction 
and scattering in mixtures is even more complicated 
than in pure minerals.  Nonetheless, it is possible to 
quantitatively parameterize scattering effects as a func-
tion of particle size and bulk composition.  

[12] initiated a study of particulate mafic igneous 
rock samples to investigate their spectral characteris-
tics as a function of dominant particle size and compo-

sition. That study created particulate samples in the 
following size fractions: <63, 63-125, 125-250, 250-
500, 500-1000, and 710-1000 µm. [12] found that the 
infrared spectra of all size fractions with particle sizes 
>63 µm showed an approximately 30-35% decrease in 
reststrahlen band spectral contrast as compared to the 
spectrum of the solid rock sample, and did not exhibit 
transparency features (Figure 1). This is somewhat less 
than the 40% decrease reported for a particulate gran-
ite [13]. Reststrahlen band strength was not observed 
to decrease further until the dominant sample size frac-
tion was less than 63 µm; however, the onset of in-
creasing spectral slope at high wavenumbers was 
shown to occur in size fractions of  <125 µm, with 
subtle hints of this behavior present at size fractions as 
large as 250 µm.  In the <63 µm size fractions, trans-
parency features of varying strength and shape were 
observed in all samples.  The strongest of these fea-
tures is observed in samples high in plagioclase feld-
spar, and is manifested as a relatively narrow feature at 
~800-850 cm-1 [14].   The 710-1000 µm size fraction 
of each sample was created for comparability with 
coarse particulate samples in the Arizona State Univer-
sity spectral library [15].  As with mineral spectra, 
comparison of the spectra of these samples showed 
that not all lithologies exhibit similar spectral contrast 
despite having the same dominant particle size.  The 
results of [12] showed that, as in the case of mineral 
spectra, the onset of obvious particle size effects is 
below particle sizes of ~65 µm; further studies of finer 
size fractions below ~65 µm are required to fully char-
acterize the maximum extent of such effects. 

Infrared spectra of high-albedo regions on Mars. 
High-albedo regions on Mars represent dusty materials 
based on their spectral (visibly bright) and thermo-
physical (low thermal inertia) characteristics. A recent 
analysis of Mars Global Surveyor (MGS) Thermal 
Emission Spectrometer (TES) data by [16] has isolated 
spectra from the surface in Martian dusty regions, and 
not surprisingly, features indicative of fine particulate 
materials (estimated as <40 µm) dominate the spectra, 
including a strong spectral slope at high wavenumbers, 
and low spectral contrast in the reststrahlen bands.  

The strong spectral slope at high wavenumbers in 
the bright region data permits absorption features re-
sulting from mineralogy to be observed more easily, 
and [16] observed a feature at ~1640 cm-1 that results 
from the fundamental bending mode of H2O.  This 
H2O may be bound in an unknown mineral phase, or it 
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could be adsorbed onto mineral particles.  [16] also 
observed a strong spectral feature at ~800 cm-1; this 
feature was attributed to one or more framework sili-
cates, although those investigators favor plagioclase 
feldspar. The abundances of the H2O-bearing and 
framework silicate phases have not been constrained 
well.  Additionally, [17] have shown that in the Mar-
tian bright region spectra, a slight rise in emissivity 
between ~1250 – 1640 cm-1 (superimposed on the 
overall spectral slope) is consistent with the presence 
of small amounts (~2-3%) of carbonate. [18] compared 
the Martian bright region spectrum of [16] to spectra 
of terrestrial basaltic tephras that have experienced 
variable degrees of alteration.  They found that only 
one sample, a tephra dominated by plagioclase feld-
spar and hematite, displayed sufficient spectral similar-
ity to the Martian spectrum to be considered a viable 
analogue to the Martian dust.  

[19] used spectral ratios of TES data from bright 
and dark regions on Mars to investigate their composi-
tion and particle size. Those investigators found that 
the ratio spectrum, which is a combination of features 
from both the bright and dark regions, displays a small 
feature consistent with the ~800-850 cm-1 transparency 
feature in plagioclase feldspar.  The Martian ratio 
spectrum is also consistent with the ratio of the coarse 
(500 – 1000 µm) and fine (<63 µm) size fractions of a 
single basaltic lithology.  Ratios of differing litholo-
gies did not provide similarly good matches to the 
Martian ratio, suggesting that the compositions of the 
bright and dark regions are broadly similar, and that 
they differ largely in their dominant particle size. 

Although 2-3% of the Martian bright region dust 
spectrum can be explained by carbonate, and fine par-
ticulate framework silicates appear to dominate the 
primary spectral features (1250 – 700 cm-1, 8 – 12 
µm), no additional minerals have been identified with 
certainty.  Thermal Emission Spectrometer results 
from Martian dark regions have identified basaltic to 
intermediate [20, 21], or weathered basaltic [22], 
lithologies that require the presence of mafic minerals 
such as pyroxene, olivine and phyllosilicates.  Visible 
and near-infrared spectroscopic data provide ample 
evidence for pyroxenes in dark regions as well [23-
25].  The abundances of mafic minerals that could be 
present in the Martian dust have not been well con-
strained by the work completed thus far, and several 
outstanding questions remain:  what is the abundance 
of the framework silicate(s), what other minerals might 
be present, and can the mean particle size of the mate-
rials be constrained further?  

This study:  To begin placing additional con-
straints on the particle size, composition, and abun-
dance of phases in the Martian dust spectrum, I have 

produced additional particle size fractions of the igne-
ous rocks used by [12].  New size fractions include:  
<5, 5-10, 10-25, 25-48, and 48-63 µm.  As in [12], 
infrared spectra of these samples were analyzed at the 
thermal emission spectroscopy laboratory at Arizona 
State University.  The bulk chemistries and modal 
mineralogies of these rocks are described by [26, 27].  

Results – Spectral character & particle size.  Fig-
ure 2 shows an example of the fine particulate size 
fractions (STL-20, shown in Figure 1).  All <63µm 
size fractions exhibit high wavenumber transparency 
features, and all exhibit lower emissivity than coarser 
size fractions.  Size fractions <25 µm display a strong 
plagioclase transparency feature at ~825 cm-1.  An 
incipient plagioclase transparency feature is apparent 
in the 25-48 µm size fraction.  Spectral contrast at 
<650 cm-1 is further reduced in the <25µm samples.  
We are compiling a database of the strengths of the 
observed features, and spectral slopes for statistical 
analysis. 

Results – Spectral character & composition. Figure 
3 shows the infrared emission spectra of the <5 µm 
size fraction of eight samples.  All samples display 
extremely strong spectral slopes at high wavenumbers. 
As predicted [e.g., 11], the Christiansen features (the 
emission maximum in the 1400 –1200 cm-1 region) of 
the samples generally are located at lower wavenum-
bers as silica content decreases.  All of the spectra dis-
play transparency features in the 800 cm-1 region. 
STL-20 and STL-50 display the plagioclase transpar-
ency feature; 79-35i also displays this feature, al-
though at lesser strength.  These three samples have 
high modal abundances of plagioclase, at approxi-
mately 80, 70, and 70 vol%, respectively [26, 28].  The 
remaining samples have modal abundances of plagio-
clase between ~5 – 65 vol% [26, 28].  These prelimi-
nary results suggest that if the feldspar transparency 
feature is strongly apparent, that phase is a very sig-
nificant modal component (likely greater than 50 
vol%) of the particulate material. 

Results – Comparison to Martian bright region 
spectra.  Our preliminary results suggest that samples 
high in modal plagioclase provide the most likely ana-
logues to the Martian spectrum of [16].  We will pre-
sent comparisons of various compositions at fine parti-
cle sizes to the Martian dust spectrum.  We also will 
discuss the likely abundances of mafic minerals that 
might be present on the Martian surface based on our 
analogue materials’ compositions. 

References: [1] Lyon, R. J. P. (1964) Evaluation 
of infrared spectrophotomtery from compositional 
analysis of lunar and planetary soils, II, Rough and 
powdered surfaces, 175 pp., Stanford Research Inst., 
Palo Alto. [2] Aronson, J. R. et al. (1969) Appl. Optics, 
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Figure 1. Thermal emission spectra of coarse particulate size fractions as compared to solid sample (STL-20).  Spec-
tral contrast in the <1200 cm-1 region is roughly equally reduced in particulates, and does not show consistent trend 
with particle size.  Transparency features at >1200 cm-1 are apparent in spectra of the two smallest particle size 
fractions. 
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Figure 2. Thermal emission spectra of fine particulate size fractions of STL-20.  All <63µm size fractions exhibit 
high wavenumber transparency features, and all are lower in emissivity than in coarser size fractions.  Size fractions 
<25 µm display strong plagioclase transparency feature at ~825 cm-1.  Spectral contrast at <650 cm-1 is further re-
duced in <25µm samples. (Note change in y-axis scale from Figure 1.) 
 

 
Figure 3. Thermal emission spectra of <5 µm particle size fractions of igneous rocks.  Legend lists samples in order 
of increasing bulk silica content (wt% SiO2). 
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INFRARED OPTICAL CONSTANTS OF MARTIAN DUST DERIVED FROM MARTIAN SPECTRA. G.
B. Hansen, Planetary Science Institute, Northwest Division, Department of Earth and Space Science, University of
Washington, Seattle, WA 98195 (ghansen@rad.ess.washington.edu).

Introduction: The infrared optical constants of the
aerosol dust on Mars have been of interest for several
decades [1, 2]. They are useful for several modeling
tasks, including atmospheric heat balance, extracting
the surface spectrum through a dusty atmosphere, and
modeling dust/ice mixtures in the Martian polar caps.
Accurate optical constants can also aid the understand-
ing of the composition of the dust. Until recently, Mar-
tian aerosol spectra have been fit only with modeled
laboratory spectra of terrestrial analogs [1, 2]. My inter-
ests have been modeling the spectral effects of a dusty
atmosphere over a surface and the mixture of dust and
ice in the polar caps. For these purposes, optical con-
stants which best fit the measured spectra are desired.

For example, when the optical constants of Martian
dust from Clancy et al. [2] (derived from laboratory
measurements of terrestrial palagonite) were used in
models of dusty CO2 ice, poor fits to polar spectra in
the 20–50 µm region resulted [3]. Model dust optical
properties that are based on spectra of Mars aerosols
have been obtained recently (using both Mariner 9
infrared spectra [4] and Mars Global Surveyor (MGS)
Thermal Emission Spectrometer (TES) spectra [5]). I
am pursuing an independent study of the infrared dust
signature in the Mariner 9 spectra with particular
emphasis on the high precision results necessary for the
analysis of high spectral resolution data. Model optical
constants from analysis of a single spectral average
assuming a blackbody underlying surface has been
completed [6], and is described below. This model
included a sensitivity study of inherent dust opacity and
dust particle size distribution. Using these optical con-
stants, fits to polar ice spectra are greatly improved.

However, ignoring surface emissivity may lead to
errors in the derived shape of the absorption bands, and
using only one spectrum ignores possible and probable
variations in the dust properties, especially with large
dust amounts in the atmosphere. This may be impor-
tant, because the goal is to provide properties for typi-
cal or average dust. The solution is to analyze a fair
number of averages with different surface and atmo-
spheric temperatures and different dust loadings in the
same way (but with streamlined processing). The only
restriction on these spectra is that they are acquired
only over significantly dust-covered surfaces on the
planet according to MGS TES data [7]. This is so that
the model is simplified to a dusty atmosphere over a
dust-covered surface, both with the same optical prop-
erties. I anticipate that the resulting surface spectra will

be qualitatively and possibly quantitatively consistent
with the derived surface spectra of dusty regions on
Mars from MGS TES [8, 9]. Inspection of these aver-
ages indicates that some differences in dust optical
properties may be necessary to fit them well.

Early Modeling: We prefer using spectra from the
Mariner 9 infrared interferometer spectrometer (IRIS)
[10] over the much more numerous spectra from MGS
TES because of the higher spectral resolution that
allows one to easily discern the signatures of atmo-
spheric gas in the spectra. We are confining ourselves
to the thermal infrared wavelengths longer than ~8 µm,
where the dust both absorbs strongly and scatters light.
One of the properties of this data set is that the bulk of
the observations were recorded during the decay of a
global dust storm, and are not necessarily characteristic
of the typically small dust optical depths. 

The spectra we selected for our initial fitting were
from near the end the prime mission on Rev 172, with a
low dust optical depth that is only a few times larger
than the typical background amount. Five IRIS spectra
were averaged to improve signal-to-noise. A smoothed
dust signature was derived from the spectrum by esti-
mating the strength of atmospheric bands, including the
CO2 “hot” bands in the region around 10 µm, using a
clear atmosphere band model [11] (Figure 1). The

shape seen here is quite similar to the spectrum derived
from TES data presented in Figure 2 of Smith et al.
[12].

Then trial optical constants were entered into a for-
ward model which included (1) the real index of refrac-
tion calculated from a trial imaginary index using a
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INFRARED OPTICAL CONSTANTS OF MARTIAN DUST. G. B. Hansen

subtractive Kramers-Kroenig process (setting the visi-
ble index to 1.45), (2) Mie calculations for spherical
particles and size distributions consistent with current
estimates [e.g., 13, 14] (non-spherical particle shape is
mostly inconsequential at these wavelengths), (3) an
atmospheric model with well-mixed dust and a temper-
ature structure based on an inversion of the 15-µm CO2
band [15], and (4) a multiple-stream plane-parallel mul-
tiple scattering radiative model [16] using a blackbody
for the surface. The imaginary indices were varied until
the dust signature was closely approximated. This typi-
cally was done using a scaled model-to-smoothed-spec-
trum ratio to modify the imaginary index and
converged in 5-10 steps.

Sensitivity to free parameters. Even though this is a
limited model, it was possible to easily investigate the
effects of free parameters and other uncertainties on the
problem. In particular the inherent dust opacity is a
completely free parameter, since little is known about
the number density of dust particles in the atmosphere.
The total optical depth, which can be estimated, is a
product of the particle optical depth and the number
density and can be matched to any particle opacity by
choosing the appropriate number density. Therefore,
the peak imaginary index at the top of the 9-µm band
was varied over about a half an order of magnitude
(0.4–1.25), the optical depth was adjusted to match the
smoothed spectrum at 9 µm, and the optical constants
were adjusted at all other wavelengths to match the rest
of the spectrum. The resulting optical constants are
plotted in Figure 2.

Another major uncertainty is size distribution of the
dust particles. This has been estimated at various wave-
lengths (mostly visible to near infrared) in several
papers; I have catalogued 23 size distributions from 10
publications. The effective radius of the particles in
these models ranges from 0.7 to 2.8 µm. The distribu-
tions can easily be grouped into seven clusters which
fully describe the variation in spectral behavior. For
each of the seven size distributions, the imaginary
index at 9 µm was set to 0.85, and the index at the other
wavelengths was adjusted to fit the smooth spectrum,
as before. The resulting optical constants for this study
are plotted in Figure 3.

Results and conclusions. This sensitivity study
implies that we need to apply some constraints on the
opacity and size distribution to improve the usefulness
of any average optical constants that are derived. The
variation of the 9-µm band strength is somewhat physi-
cally constrained. Scaling it up and down results in
non-proportional changes to the 20-µm bands to retain
the match to the IRIS spectra. The measured 9-µm
imaginary index for basalt, andesite, and basaltic glass
is between 1.1 and 1.2 [17], while montmorillonite and
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granite are in the range 1.7–2.1 [1]. It seems unlikely
that a physically reasonable material can have this
value much greater than 2 or less than a few tenths
(where the Snook et al. [3] model is), with the most
likely value near 1. Raising the 9-µm and 20-µm band
strengths yields an increasing long-wavelength real
index (n∞) through the Kramers-Kroenig integral. The
infinite wavelength real index is equal to the square
root of the DC dielectric constant, ε. ε falls in the range
4–10 for many minerals and somewhat higher (10–25)
for well crystallized materials such as basalt or granite.
The bulk dielectric constant of Martian dust is unlikely
to be much larger than 10, implying an upper limit for
the n∞ of about 3. If we choose the model with 9-µm
imaginary index of 0.85 (very similar to that of palago-
nite used in the Clancy et al. [2] dust model) and the
central size distribution, it has n∞ of about 2.1. The rea-
sonable range defined by this constraint is a 9-µm
strength from about 0.7 to 1.0 and a size distribution
from small to medium large. Figure 4 compares these
new models to previous models and results. The lattice
absorptions at λ>20 µm need to be much broader than
those of palagonite to match the Mars spectra. The
width and position of the 9-µm band is also different
from palagonite.

Refinement of the optical constants and the
scope of their variation: As described in the introduc-
tion, we have looked for IRIS spectral averages over

dust covered surfaces with a wide range of surface and
atmospheric temperatures, including at night. The
resulting data includes 93 average spectra. An attempt
to achieve greater automation in the processing has
been undertaken. The chief problem encountered is the
difficulty of converging on a good fit in the most trans-
parent regions of the dust spectrum, Here, the surface
spectrum is sensitive to transparency in the opposite
sense to the aerosols, resulting in almost no change in
the model result when the absorption is increased or
decreased in those regions. This is also a function of the
surface temperature, which is now a less constrained
parameter compared to the early blackbody models,
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INFRARED OPTICAL CONSTANTS OF MARTIAN DUST. G. B. Hansen

where it was fixed by some part of the spectrum. The
current best fit of the first of the 93 spectra is shown in
Figure 5. Notice the considerable misfit in the same
regions where the surface emissivity is low. A solution
to this problem is forthcoming. The optical constants
for this exercise are compared to the chosen model
from the earlier work in Figure 6. The greatest changes
occur in the transparent regions, but there are subtle
changes in the shape and position of the absorption
bands, as well. Since these wavelength regions are well
and easily fit, this implies some variation in the dust
properties.

References: [1] Toon, O. B., et al. (1977) Icarus
30, 663–696. [2] Clancy, R. T., et al. (1995) J. Geo-
phys. Res., 100, 5251–5263. [3] Hansen, G. B. (1999) J.
Geophys. Res., 104, 16,471–16,486. [4] Snook, K. J., et

al. (1999) BAAS., 31, 1184. [5] Snook, K. J., et al.
(2000) BAAS, 32, 1094. [6] Hansen, G. B. (2002) BAAS,
34, 844. [7] Bandfield, J. L. (2002) J. Geophys. Res.,
107(E6), 10.1029/2001JE001510. [8] Kirkland, L. E.,
et al. (2002) LPS XXXIII, Abstract #1220. [9] Band-
field, J. L., and M. D. Smith (2003) Icarus, 161, 47–65.
[10] Hanel, R., et al. (1972) Appl. Opt., 11, 2625–2634.
[11] Crisp, D., et al. (1986) J. Geophys Res., 91,
11,851–11,866. [12] Smith, M. D., et al. (2000) J. Geo-
phys. Res., 105, 9589–9607. [13] Tomasko, M. G., et al.
(1999) J. Geophys. Res., 104, 8987–9007. [14] Mark-
iewicz, W. J., et al. (1999) J. Geophys. Res., 104, 9009–
9017. [15] Chahine, M. T., (1968) JOSA, 58, 1634–
1637. [16] Stamnes, K., et al. (1988) Appl. Opt., 27,
2502–2509. [17] Pollack, J. B., et al. (1973) Icarus, 19,
372–389.
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INTERCOMPARISON OF ATMOSPHERIC RADIATION SCHEMES FOR THE LOWER MARTIAN ATMOSPHERE.
A.-M. Harri, Finnish Meteorological Institute, Geophysics Research Division. P.O.Box 503, 00101 Helsinki, Finland (Ari-
Matti.Harri@fmi.fi), D. Crisp,Jet Propulsion Laboratory. Mailing address: MS 241-105, Jet Propulsion Laboratory 4800 Oak
Grove Drive, Pasadena, CA 91109, U.S.A., H. Savij̈arvi,University of Helsinki. Mailing address: Department of Physical Sciences,
P.O.Box 64, 00014 University of Helsinki, Finland..

Interpretation of the vast data flow from the recent and
ongoing Mars missions requires extensive modeling activ-
ity to support the investigations and conclusions drawn from
the observations. We have initiated a campaign to compare
atmospheric radiation schemes for the lower Martian atmo-
sphere with least-compromise reference line-by-line calcula-
tions (Meadows and Crisp 1996, Crisp 1986). By using fixed
reference conditions we are introducing an intercomparison
framework to enable atmospheric modeling teams to compare
their modeling results with the reference line-by-line calcula-
tions, and to improve their models.

The atmosphere of Mars is thin and therefore its response
to local radiative forcing is strong when compared to that of
the Earth’s troposphere. Airborne dust and also the water va-
por give significant contributions to the radiative fluxes. Thus
models of the Martian atmosphere should have fairly accu-
rate radiative transfer (RT) algorithms. This is specifically
important for the net radiative flux at the surface, which is the
main driver for the surface temperature evolution, since the
surface turbulent fluxes are small due to the thin atmosphere
(e.g. Haberle et al. 1993, Savijärvi 1991a, Savij̈arvi 1991b,
Savij̈arvi 1999). However, the accuracy of the RT schemes has
not been rigorously tested in many cases as reference calcula-
tions have been rare.

We introduce a set of reference cases for Martian atmo-
spheric conditions with profiles for temperature, pressure, dust
optical depth (Conrath 1975, Clancy et al. 1995, Ockert-
Bell et al. 1997, Smith et al. 2000), water,CO2, O3, CO
and O2 (Table 1). The reference atmosphere uses a diur-
nally and globally averaged thermal structure derived from
Mariner 9 IRIS observations acquired during late southern
summer. Thermal structures for nighttime and daytime con-
ditions will be included shortly. Computationally expensive
reference simulations were performed by applying a spectrum
resolving (line-by-line multiple scattering) model, SRM, to
give the least-compromise base for comparisons.

We call for other groups to join in future comparisons. This
resembles the International Comparison of Radiation Codes for
Climate Models (ICRCCM;e.g.Ellingson and Fouquart 1991,
Ellingson et al. 1991). The ICRCCM led to many improve-
ments in the Earth GCM radiation codes. The intercomparison
framework presented in this paper is a step toward that direction
for Mars. We have already five modeling teams participating in
this intercomparison exercice. Additional teams investigating
the Martian atmosphere are cordially invited to join this effort
of comparing the radiation schemes in fixed conditions. The
results achieved will be reported and some additional features
to be included in the intercomparison will be discussed.
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Table 1: The reference temperature profileT (z) with the sug-
gested mass mixing ratios for water vapour, carbon dioxide,
ozone, carbon monoxide and oxygen. Shown is also the dust
optical depth profile forτvis = 1 at the surface.

p (Pa) T (K) H2O CO2 O3 CO O2 τvis z(km)

1.000E-02 1.638E+02 0 9.53E-01 2.00E-08 3.80E-04 9.50E-04 0 100.0
2.744E+00 1.638E+02 6.72E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 0 50.0
4.916E+00 1.668E+02 7.41E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 4.413E-04 45.0
8.716E+00 1.703E+02 9.08E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 2.464E-03 40.0
1.532E+01 1.732E+02 9.34E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 8.431E-03 35.0
2.674E+01 1.757E+02 8.94E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 2.228E-02 30.0
4.639E+01 1.782E+02 8.47E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 5.035E-02 25.0
5.176E+01 1.788E+02 8.45E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 5.876E-02 24.0
5.772E+01 1.794E+02 8.65E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 6.822E-02 23.0
6.434E+01 1.802E+02 9.03E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 7.885E-02 22.0
7.172E+01 1.810E+02 9.38E-06 9.53E-01 2.00E-08 3.80E-04 9.50E-04 9.081E-02 21.0
7.986E+01 1.820E+02 1.01E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 1.041E-01 20.0
8.891E+01 1.830E+02 1.09E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 1.191E-01 19.0
9.897E+01 1.840E+02 1.18E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 1.358E-01 18.0
1.100E+02 1.853E+02 1.34E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 1.542E-01 17.0
1.222E+02 1.866E+02 1.53E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 1.747E-01 16.0
1.358E+02 1.879E+02 1.73E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 1.977E-01 15.0
1.506E+02 1.894E+02 2.03E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 2.228E-01 14.0
1.671E+02 1.909E+02 2.35E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 2.509E-01 13.0
1.852E+02 1.924E+02 2.73E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 2.818E-01 12.0
2.049E+02 1.939E+02 3.19E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 3.155E-01 11.0
2.268E+02 1.955E+02 3.72E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 3.531E-01 10.0
2.508E+02 1.971E+02 4.34E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 3.944E-01 9.0
2.769E+02 1.988E+02 5.15E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 4.394E-01 8.0
3.057E+02 2.005E+02 6.10E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 4.892E-01 7.0
3.373E+02 2.021E+02 7.08E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 5.439E-01 6.0
3.716E+02 2.035E+02 7.88E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 6.033E-01 5.0
4.095E+02 2.049E+02 8.73E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 6.690E-01 4.0
4.510E+02 2.062E+02 9.65E-05 9.53E-01 2.00E-08 3.80E-04 9.50E-04 7.410E-01 3.0
4.960E+02 2.075E+02 1.05E-04 9.53E-01 2.00E-08 3.80E-04 9.50E-04 8.192E-01 2.0
5.202E+02 2.081E+02 1.10E-04 9.53E-01 2.00E-08 3.80E-04 9.50E-04 8.612E-01 1.5
5.455E+02 2.087E+02 1.15E-04 9.53E-01 2.00E-08 3.80E-04 9.50E-04 9.052E-01 1.0
5.721E+02 2.094E+02 1.20E-04 9.53E-01 2.00E-08 3.80E-04 9.50E-04 9.515E-01 0.5
5.887E+02 2.098E+02 1.23E-04 9.53E-01 2.00E-08 3.80E-04 9.50E-04 9.803E-01 0.2
5.983E+02 2.100E+02 1.25E-04 9.53E-01 2.00E-08 3.80E-04 9.50E-04 9.970E-01 0.03
6.000E+02 2.100E+02 1.25E-04 9.53E-01 2.00E-08 3.80E-04 9.50E-04 1.000E-00 0
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Summary:  We describe the morphology of a large 

and complex extensional structure in the western 
Thaumasia region (the "Thaumasia graben" [1] or TG). 
This is the first detailed description of this structure, 
taking into account reliable MOLA–based topographic 
information. We consider possible fault geometries, 
determine extension, and discuss the case for or 
against a classification as a rift. 

Background:  The Thaumasia region comprises an 
elevated plateau of mostly Hesperian high lava plains 
(Sinai, Solis, and Thaumasia Plana) bounded by a 
Noachian-Hesperian highland belt to the E, S, and W, 
by the long-lived Syria Planum volcanotectonic center 
to the NW, and by the Hesperian-Amazonian Valles 
Marineris to the N. The tectonics of the interior lava 
plains of Thaumasia are characterized by compres-
sional wrinkle ridges. The highland belt and some of 
the lava plains in western Thaumasia are cut by several 
sets of extensional features (e.g., Claritas, Thaumasia, 
and Coracis Fossae) which formed during different 
stages of the overall Tharsis evolution [e.g., 1,2,3,4].  

The TG is a prominent, ~100 km wide and 
~1000 km long extensional tectonic feature striking 
N15°-20°W (Fig. 1). It formed during the last stage of 
Thaumasia tectonics, probably in Late Hesperian [5] or 
Early Amazonian [2]. It is superimposed on the ancient 
(Early Noachian) tectonic center of Claritas (27°S, 
106°W; stage 1 in [4]). Several authors [e.g., 1,2,6,7] 
ascribe it to rifting. Roof collapse after late-stage 
magma withdrawal from Syria Planum has also been 
hypothesized [8]. 

Architecture:  Principal morphotectonic features 
of the TG and adjacent areas are (Fig.1a): (i) smooth 
lava plains of Syria Planum, bordered to the W by (ii) 
an escarpment made up by an en echelon series of 
steeply W-dipping faults marking the eastern border of 
the TG, (iii) the graben floors of segments A and B 
(see Fig. 1b for location), and (iv) the curvature of 
steeply E-dipping faults at 18-21°S, defining the mas-
ter faults of segment A and separating it from a topog-
raphical high towards NW. Between 22°S and 33°S, 
the western border fault system is more diffuse. 

Extension across segment A has been accomodated 
by an asymmetric (half)graben about 150 km in length 
and 100 km in width. Steeply E- to SE-dipping normal 
faults with fault length segments of 50-80 km and dis-
placements of 2.0 km form the master fault system 
(Fig. 2). The graben is characterized by step-fault plat-

forms with displacements of up to 150 m on antithetic 
faults. Internal block faulting is often controlled by 
reactivated trends of older fractures. 

At 21°S, the master fault changes over to the E-
flank of the TG, and the elevation of the graben floor 
decreases to elevations 3500-4000 m. Segment B is 
about 250 km long and up to 100 km wide. As shown 
by profile 3 (Fig. 3), the graben floor is tilted towards 
the steeply W-dipping normal (planar) border fault 
system. Master fault lengths range from 50-80 km and 
observable throws from 1.5-2.2 km. MOLA data sug-
gest limited block rotation on synthetic normal faults.  

Where the TG enters more rugged Noachian terrain 
at 25°S (segment C, Fig. 3), its configuration becomes 
less evident than in segments A and B. Steeply W-
dipping faults dominate the eastern border, with fault 
lengths of 50-90 km and observable displacements 
from 1.3-2.0 km. While the master faults of the eastern 
graben flank can be traced over >500 km along strike, 
the structure of the western flank is rather inconspi-
cious. Older fault sets have a strong influence on the 
local rift trend and create a pattern which on Earth is 
often associated with oblique rifting. 

South of ~24°S, the TG crosses some WNW/ESE 
striking topographic highs of rugged Noachian terrain, 
(Fig. 1b). They represent a so far undescribed con-
tinuation of the ancient highland belt toward NW, 
where it is successively buried under younger Tharsis 
lavas. Segment C is superimposed on the belt. The pre-
graben relief with its NW-trending highs and lows 
affected local graben development of the TG. 

Fault geometry – planar or listric?  Normal 
faults in an extensional regime have planar, listric, or 
ramp-flat geometries. Since listric faults are character-
istic of thin-skinned deformation and often involve 
gravitational movements on ductile layers or shallow 
detachments, their identification on Mars would pro-
vide important information about the planet´s litho-
spheric structure (thin-skinned vs. thick-skinned tec-
tonics). On Mars, planar faults are generally assumed 
for larger tectonic structures like the Tempe Fossae 
Rift [9,10], Valles Marineris [e.g., 11], or major com-
pressional structures like Amenthes Rupes [12]. Sev-
eral profiles across the TG display features that might 
indicate a listric master fault, including an overall 
halfgraben geometry, tilted blocks, and an (albeit 
slight) curvature of the hanging wall which is charac-
teristic of a rollover anticline (e.g., Fig. 2). For a listric 
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fault, the depth D to a detachment can be determined 
from the dip of the master fault at the surface (α), the 
tilt of the graben floor (θ), and the vertical offset (d) 
(equation 12 in [13]). We measure a scarp height d of 
~2000 m and floor tilts θ between 0.9° and 2.7°. For 
α = 60°, we obtain values of D between ~33 km and 
~67 km (θ = 2.0° and 1.0°, see Tab. 1). Interestingly, 
these values correspond very well with recent estima-
tions of the thickness of the elastic lithosphere Te in S-
Tharsis as given by [14] (Valles Marineris: ~60 km, 
Solis Planum: ~35 km) or [15] (<70 km). A listric 
master fault might indicate gravitational gliding of an 
unstable part of the outward verging fold-and-thrust 
plateau margin [3] towards W, i.e., toward the foreland 
of Thaumasia. However, slip along planar faults can 
also produce tilted graben floors [16] and hanging wall 
flexure [17], so the observed morphology does not 
allow any firm statement about the fault geometry. 
 
Table 1:  Depths D to a detachment for a possible lis-
tric master fault geometry. 
 θ = 1.0° θ = 1.5° θ = 2.0° 
α = 50° 53.7 km 36.1 km 27.1 km 
α = 60° 66.7 km 44.4 km 33.3 km 
α = 70° 80.7 km 53.7 km 40.4 km 
α = 80° 96.1 km 64.3 km 48.2 km 

Extension:  The extension e along several profiles 
across the structure was calculated by: 

 
 e = Dcum / tan α (1) 

 
where α is the dip of the fault and Dcum is the total 

or cumulated vertical offset along all the faults along 
the profile which belong to the structure. For all faults, 
a dip angle α of 60° and a planar geometry was as-
sumed. The inspection of available imagery did not 
reveal significant sediment cover, which would mask 
the actual offset, resulting in smaller extension values. 
In the northern part (section A), most of the extension 
has occurred along a few major faults. In the southern 
part of the graben system, extension has been distrib-
uted among many smaller faults. Extension across the 
TG is 0.5 to 4.5 km, strain is 1 to 3%. Our extension 
values are much lower than 10 km, as estimated by 
[18] from scarp widths and shadows. The discrepancy 
might be due to our more accurate topographic data 
(i.e., MOLA) or to the problem that it is not straight-
forward – particularly in the southern segments B and 
C – to decide whether a given fault belongs to the TG 
or to an older fault set.  

Discussion:  While the structural geometry of the 
TG is more similar to classical rifts than that of Valles 
Marineris, there are better Martian analogues to terres-

trial rifts (e.g., Tempe Fossae [9]). Rift-like features of 
the Thaumasia graben are the asymmetric (halfgraben) 
architecture, the changing polarity of the asymmetry 
(although it changes only once, while in terrestrial 
continental rifts there often are several such changes of 
the master fault system from one side to the other), and 
several characteristics of the fault systems. The overall 
dimensions of the TG are also in agreement with other 
rift on Mars (e.g., the Tempe Rift [9]) or Earth (e.g., 
the Kenya Rift). On the other hand, we do not observe 
some features which are often associated with terres-
trial continental rifts: There is no distinct (narrow) rift 
valley, there is no rift flank uplift, and we do not see 
clear evidence for rift-related volcanism. So far, there-
fore, the geodynamic processes that led to the forma-
tion of the TG are unclear (crustal break-down due to 
structural uplift of Thaumasia? magma deficit near 
Syria Planum? a long-lived and late center of mag-
matectonic activity?). Geophysical data with improved 
lateral resolution (e.g., an improved gravity field [19]) 
might help in the further investigation of this region. 
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Figure 1 (next page; a=left and middle) Topographic 
image map (MOC-WA & MOLA) of the large Thau-
masia graben (TG). Extension and strain (middle) were 
measured along several topographic profiles (derived 
from MOLA-based DEM´s; see text for details); 
(b=right) Schematic structural map, showing three 
segments A-C (characterized in Fig. 2-4). 
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Figure 2 (next page, top): Structural map of the northern part (segment A) of the large Thaumasia graben (TG). 

A topographic profile was derived from a MOLA-based digital elevation model. The inferred strucural depression 
related to the TG is shown in red (together with the interpretation of major faults). Key characteristics are listed as 
text bullets. 

Figure 3 (next page, middle): Viking-Orbiter image mosaic (orbit 460a, resolution ~65 m pixel-1), showing de-
tails of segment B. Topographic profile as in Fig. 2. Key characteristics are listed as text bullets (note that master 
fault has changed to the eastern side). 

Figure 4 (next page, bottom): Structural map of the southern part (segment C). Topographic profile as in Fig. 2. 
Key characteristics are listed as text bullets (note older fault trend and similarity to terrestrial oblique rifting). 
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Introduction:  The High Resolution Stereo Cam-

era (HRSC) [1,2] onboard the European ESA Mars 
Express (MEX) mission [3,4] will map > 50% of the 
Martian surface in stereo and colour with a resolution 
of ≤15 m/pixel. In order to optimise the scientific re-
turn of the instrument, the preparation of a detailed list 
of surface targets and their specific scientific interest 
together with ancillary information is mandatory. We 
describe the organisation of the list of >1500 individ-
ual targets, the parameters specified for each target, 
and how the list will be used in operations planning. 
Finally, we outline possible further applications of the 
list for upcoming Mars missions like the Mars Recon-
naissance Orbiter. 

Target Selection:  In order to facilitate effective 
operations planning and to maximise the scientific 
return of the HRSC/SRC instrument by fully exploit-
ing its unique capabilities, we prepared a global list of 
geologic targets to be imaged during the MEX mis-
sion. The target list is organized as a spreadsheet, each 
line of which represents a single target. Several groups 
of parameters (i.e., spreadsheet columns) are specified 
for each target (i.e., line). The parameters and their 
meanings are defined in Tab. 1 (on page 3). The list, 
including the separate documents for the scientific 
rationale,the lessons learned from MGS, and the target 
image maps, is available to the HRSC Team via a pro-
tected website on the internet. 

At the time of writing (April 2003, ~1 month be-
fore launch), more than 1500 targets have been speci-
fied. The original list has been compiled on a quadran-
gle-by-quadrangle basis. Each of the 30 cartographic 
quadrangles covering the Martian surface according to 
the mapping scheme of the U.S. Geologic Survey was 
assigned to an individual scientist. Since different in-

dividuals worked on different quadrangles, there is a 
bias towards specific processes in some quadrangles, 
depending on the scientific expertise of the workers. 
To avoid such inhomogeneities in the final list, we will 
revise the complete list with a process-based approach. 
Scientists with a profound background with respect to 
specific processes, e.g., fluvial processes, will check 
all targets classified as fluvial, and will approve or 
reject them, or add new ones. 

In separate documents, the scientific rationale for 
imaging each target is comprehensively specified. Im-
portant findings of the MGS mission related to the 
targets are also described separately. In order to esti-
mate future data rates, we determine the areal size of 
each target and calculate the number of standard im-
ages and the data volume required to obtain an image 
mosaic of the entire target.  

Target maps:  In addition to the table, each target 
is graphically marked on a global, Viking-based image 
map (i.e., the MDIM-2 imaging model of the 
U.S.Geol.Survey), allowing for quick visual inspection 
and further use in planning activities (see below). We 
prepared separate image base maps for each quadran-
gle and marked each target in the map. To allow for 
better visualisation and later processing, the targets 
were marked in 16 different "layers" of the map, each 
layer coresponding to one of the 16 HRSC macropixel-
formats (MPF) used for standard imaging. Target maps 
are available in Photoshop and JPEG format. 

Planning Software:  The target maps will be the 
standard input for imaging plannning. As a flexible 
and user-friendly planning tool we developed the in-
teractive program Mars Express Science Opportunity 
Analyzer (MEXSOA) within the Interactive Data Lan-
guage (IDL®) environment. It allows to plot the tar-
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gets, the spacecraft ground tracks, the orbit periapses, 
and the HRSC swath onto image maps. Information 
about the planets, ephemerides, the orbit of the space-
craft, and the instrument are provided to the program 
in the form of SPICE kernels (Spacecraft, Planet, In-
strument, C-matrix, Event; e.g., [5].  

An operator will check which targets are crossed 
by (or near) the ground track of the spacecraft. It is 
straightforward, then, to select the desired imaging 
area. The corresponding start and end times of imaging 
will be stored together with additional parameters 
(e.g., imaging mode, illumination conditions) for each 
orbit. The stored data will then be converted to com-
manding sequences. 

The footprints of acquired images together with 
ancillary data (e.g., exposure times, image quality) will 
be stored in a database. In the ongoing mission, the 
interface between MEXSOA and the database will 
provide necessary information in order to optimise 
imaging parameters by learning from previous experi-
ence. 

Future:  The list of targets will be the basis of 
long-term and short-term science planning for the 
HRSC instrument. It will be updated continuously, 
according to new results from the ongoing MGS and 
2001 Mars Odyssey missions. Due to the considerable 

lifetime of Mars Express (nominal plus extended mis-
sion: two Martian years or four Earth years) we will 
also extend or modify the target list in response to in-
coming MEX data. The list may also be of interest for 
future orbiter missions like the Mars Reconnaissance 
Orbiter to be launched in 2005. Besides its original 
intention to assist in mission planning, it might also be 
of general interest in ars exploration, e.g., for selecting 
regions which are particularly interesting with respect 
to certain processes like volcanism, etc. 

References: [1] Neukum G. et al. (1996) The ex-
periments HRSC and WAOSS on the Russian Mars 
94/96 missions, Acta Astronautica, 38, 713-720. 
[2] Neukum G. and the HRSC Co-Investigator and 
Experiment Team (2003) HRSC: The High Resolution 
Stereo Camera of Mars Express, ESA SP-1240, 18 
pages, in press. [3] Schmidt R. et al. (1999) ESA´s 
Mars Express Mission – Europe on Its Way to Mars, 
ESA Bulletin, 98, 56-66, 1999. [4] Chicarro A.F. 
(1999) Mars Express: Mission Scenario and Objec-
tives, in: Laboratory Astrophysics and Space Re-
search, edited by P. Ehrenfreund et al., Astrophysics 
and Space Science Library, Kluwer Academic Pub-
lishers, Dordrecht, 523-527. [5] Roatsch T. et al. 
(2001) SPICE Usage on the Mars Express Orbiter, 
Geophys. Res. Abstracts, 3, 7202.
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Table 1: Parameters specified for each target. 
 

Parameter name Example Explanation 

Number MC-23_005 Map quadrangle (e.g., MC-23) and running number (e.g., 005) 
Name "small valley" Short name or description of target 
Class (15 columns)  
 V volcanic 
 T tectonic 
 I impact 
 F fluvial 
 G glacial or polar 
 L layering 
 Pf permafrost 
 Eb exobiologic 
 Eo eolian 
 Mw mass wasting 
 La lacustrine 
 Ls landing site 
 Te technical 
 O other 
 Ts terrain sampling 

"x" or “   “ One or several entries possible for each target: What is the geologic process 
which is of interest for this target? 
 
Notes:  
- Although we currently have no evidence for past or present life on Mars, 
a number of surface features were probably formed by aqueous processes. 
Several of them (class "exobiologic") might be prime targets in the search 
for extraterrestrial life.   
- The class "terrain sampling" was introduced to include those targets 
which we will image in order to make sure that any type of terrain is cov-
ered by HRSC imagery. 

Uniqueness yes or no Is the target unique or not unique within a quadrangle? 
Location (4 columns) 
 min latitude 
 max latitude 
 min longitude 
 max longitude 

 
 5.0 
 8.0 
 122.0 
 124.0 

Geographical coordinates of target boundaries 

Mosaic 6 Number of HRSC standard images required to cover the target 
HRSC macropixel format 1,2,3,…15,16 16 possible HRSC imaging modes (see Tab. 2 for details) 
Priority (5 columns) 
 nadir 
 stereo 
 photometry 
 colour 
 SRC 

high 
medium 
low 

Priority for good resolution of this/these CCD line(s) and the SRC channel 

SRC imaging spot, raster, or contiguous Mode of SRC imaging (see text for details) 
Preferred local time 
 

morning, noon, evening Should the target be imaged during a specific time of the (Martian) day? 
(e.g., dust devils occur in the afternoon, morning fogs) 

Preferred illumination low, medium, high Elevation of sun above horizon 
Preferred local season spring, summer, fall, winter Season in which the target should be imaged (e.g., imaging of some high 

latitude targets without coverage by seasonal CO2 cap)  
Multitemporal coverage yes or no Variable features (e.g., polar caps, dust deposits) might be imaged several 

times (e.g., summer/winter, before/after dust storms) 
Scientific rationale separate document Why is it important to image this target? 
Lessons learned from MGS separate document What did we learn from the MGS mission about this target? 
Geology Hr, Npl1, Ael1,… Target geology  
Viking coverage (32), 60-100, r,g,b (number of Viking Orbiter images), resolution range, color filters 
MOC coverage good, medium, or sparse Availability of very high-resolution images from the Mars Orbiter Camera 

(MOC) 
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COLD-BASED GLACIERS IN THE WESTERN DRY VALLEYS OF ANTARCTICA: TERRESTRIAL LANDFORMS
AND MARTIAN ANALOGS.  J. W. Head1 and D. R. Marchant2, 1Department of Geological Sciences, Brown University,
Providence, RI 02912 james_head@brown.edu, 2Department of Earth Sciences, Boston University, Boston, MA 02215.

Introduction: Basal-ice and surface-ice temperatures are
key parameters governing the style of glacial erosion and
deposition. Temperate glaciers contain basal ice at the pres-
sure-melting point (wet-based) and commonly exhibit exten-
sive areas of surface melting. Such conditions foster basal
plucking and abrasion, as well as deposition of thick matrix-
supported drift sheets, moraines, and glacio-fluvial outwash.
Polar glaciers include those in which the basal ice remains
below the pressure-melting point (cold-based) and, in extreme
cases like those in the western Dry Valleys region of Antarc-
tica, lack surface melting zones. These conditions inhibit
significant glacial erosion and deposition. An intermediate
classification of subpolar glaciers includes those with wet-
based interiors and cold-based margins.

Results from field-based research in Antarctica show that
ancient landscapes are preserved beneath cold-based glacier
ice.  These results, along with new insights from quantitative
measurements of glacial abrasion [e.g., 1], have prompted us to
re-evaluate some Martian landforms in terms of glacial proc-
esses. As background, we here summarize the formation of
drop moraines, sublimation tills, and rock glacier deposits
associated with cold-based glaciers in the Dry Valleys of
Antarctica, and then outline the case for similar glacial land-
forms along the western flanks of the Tharsis Montes, specifi-
cally Arsia Mons.

Terrestrial Landforms: Basal sliding, basal entrainment,
and transport of basal debris towards the glacier base are three
fundamental requirements for significant glacier erosion. Basal
sliding requires subglacial meltwater, a property controlled
largely by the thermal regime of the glacier. At the base of wet-
based glaciers, debris is entrained chiefly through regelation, a
process whereby basal meltwater is frozen onto the glacier
base. Regelation normally occurs where the basal-ice tempera-
ture fluctuates about the pressure-melting point. In such cases,
small bedrock obstacles yield pressure variations that induce
basal-ice melting and refreezing. Refreezing of “dirty” meltwa-
ter entrains basal debris. At sites of persistent pressure melting,
the continued downward transport of basal debris towards the
bedrock interface results in elevated rates of bedrock erosion.
Such processes result in overdeepened basins found commonly
beneath cirque and valley glaciers.  Although simplified, the
above represents the classic scenario for wet-based, subglacial
erosion [2-6]. Recent studies show that some basal debris may
also be entrained beneath cold-based ice [7]. Debris may be
entrained through rotation of loose bedrock by glacier flow [5]
or by freezing of interfacial meltwater films (<<1 mm thick) at
subfreezing temperatures [1, 8]. Theoretical and empirical
studies show that liquid water at the base of glaciers can exist in
stable equilibrium at subfreezing temperatures [8]. The magni-
tude of erosion capable from freezing of such subglacial
meltwater, for example where measured in Antarctica, is as
little as 9 X 10-7 to 3 X 10-6  m yr-1 [1]; typically less than the
rate of aeolian erosion.

Although cold-based glaciers do not erode their underlying
substrates appreciably, they do deposit characteristic landforms
[9]. The material within these landforms originates from
supraglacial debris, commonly rockfall and/or volcanic ejecta
that falls onto the glacier surface.  Angular and lacking evi-
dence for subglacial abrasion, these rockfall and volcanic
particles flow passively through the ice toward glacier margins.

The resulting landforms (e.g., drop moraines, sublimation till,
rock-glacier deposits) are perched on existing topography.
Sharp basal contacts and undisturbed underlying strata are
hallmarks of cold-based glacier deposits [10].

Drop moraines. The term drop moraine is used here to de-
scribe debris ridges that form as supra- and englacial particles
are dropped passively at margins of cold-based glaciers (Fig. 1a
and 1b). Commonly clast supported, the debris is angular and
devoid of fine-grained sediment associated with glacial abra-
sion [8, 10]. In the Dry Valleys, such moraines may be cored by
glacier ice, owing to the insulating effect of the debris on the
underlying glacier.  Where cored by ice, moraine crests can
exceed the angle of repose.  In plan view, drop moraines
closely mimic the pattern of former ice margins, though mo-
raine width may vary spatially, owing to the characteristic
inhomogeneity in the distribution of supraglacial debris (ex-
cepting volcanic airfall debris). Debris is generally thickest in
regions near (or down ice flow from) bedrock cliffs.

Sublimation till. Sublimation along the ice/atmosphere in-
terface may bring englacial debris passively to the ice surface.
The rate of ice sublimation slows as the evolving sublimation
till thickens, eventually insulating the underlying ice by retard-
ing vapor diffusion and thermal  change.  Many sublimation
tills in the western Dry Valleys region of Antarctica are under-
lain by glacier ice, even though some are in excess of 8.1 Ma
[12,13] (Fig. 2a and 2b). Differential flow of underlying glacier
ice may result in distinct surface lobes of sublimation till (see
also below). In addition, thermal contraction near the surface of
the buried glacier commonly initiates a network of surface
polygons that cut the till, the relief of which is controlled in part
by variations in till porosity and permeability [13].

Rock-glacier deposits. In the western Dry Valleys region of
Antarctica, rock glaciers form as sublimation concentrates
debris on the surface of active glaciers. Continued flow of the
underlying glacier through internal deformation produces
ridges and lobes of sublimation till atop the glacier (Fig 3a and
3b). The thickness of this debris increases down ice flow, as
material is continually added to the base of the sublimation till
as it moves down valley.  In general, rock-glacier formation is
favored by high debris accumulation rates and low ice veloci-
ties, conditions common in an advanced state of glacial retreat
[14]. Spoon-shaped hollows that commonly form at the head of
many terrestrial rock glaciers [15, 16] likely arise as incom-
plete debris covers there facilitate excess sublimation over that
beneath more extensive tills down valley.

Martian analogs: Arsia Mons is one of the three Tharsis
Montes shield volcanoes that cap the broad Tharsis Rise, a
huge center of volcanism and tectonism spanning almost the
entire history of Mars. Each of the Tharsis Montes, although
largely constructed of effusive and explosive volcanic deposits,
contains a distinctive and unusual lobe, or fan-shaped deposit
on their western flanks. These deposits, as exemplified by
those on Arsia Mons (e.g., 17, 18), usually contain three facies
(Figs. 4a, 5a,b,c) and various hypotheses have been proposed
for their origin including one or more of the following: lahars,
debris avalanches, landslides, pyroclastic flows, and/or gener-
ally related to the advance and retreat of ice (e.g., 19).

New Mars Orbiter Laser Altimeter (MOLA) altimetry and
Mars Orbiter Camera (MOC) images from the Mars Global
Surveyor mission have permitted us to characterize the fan-
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shaped deposit on Arsia Mons and its relationship to the rest of
the volcano in much more detail.  On the basis of present
surface temperatures on Mars and those of the recent past, any
mountain glaciers on Arsia Mons and nearby volcanoes were
likely to be cold-based and most similar to the slow-moving,
cold-based glaciers of the Dry Valleys region of Antarctica.
We outline here the deposit characteristics and use Antarctic
Dry Valley analogs to aid in their interpretation.

Description and Interpretation: The Ridged Facies con-
sists of a series of over 100 concentric ridges that extend
several hundred kilometers beyond the break in slope at the
base of Arsia Mons (Fig. 4a, 5a).  Ridges are typically spaced
about a kilometer apart and MOLA data show that individual
ridges vary in height, with the outer prominent ridge reaching
heights of ~50 m, while typical inner ridges are of the order of
5-20 m high. MOC images show evidence for abundant dunes
on and near the ridges suggesting that the ridges are composed
of fine-grained material that is subject to eolian modification.
We found no depositional or erosional evidence that might be
associated with wet-based glaciers, such as eskers, sinuous
channels, lake deposits, and/or braided streams.

One of the most distinctive characteristics of the ridged fa-
cies is its superposition on a subjacent impact crater and lava
flows without apparent modification ([17-19, 20-22] Fig. 4a,
5a). We used detrended MOLA data to examine the local
topographic relationships (Fig. 4b) and found that the lava
flows emerging from the edge of the fan-shaped deposit could
be readily traced inward beneath the ridged facies and even
into the area beneath the knobby facies, apparently without
major disruption and modification. The very distinctive sub-
strate preserved below the ridges (both a crater, Fig. 5a, and an
earlier phase of lava flows, Fig. 4a), the blanket-like nature,
together with the extreme regularity of the ridges suggest that
the fan-shaped deposit was emplaced by a process that in-
volved little interaction with the substrate.

On the basis of Antarctic cold-based glacial analogs we in-
terpret the ridged facies on Arsia Mons as a series of drop
moraines, each representing a period of standstill of a cold-
based glacier followed by a phase of retreat.

The Knobby-Terrain, the next innermost facies (Fig. 4a) of
the fan-shaped deposit, is comprised of a largely chaotic
assemblage of hills, some as much as several kilometers across,
that are subrounded to elongated downslope; some hills are
aligned and form arcs that in general are parallel to ridges in
the distal facies. The deposits that comprise the knobby terrain
are very homogeneous in local areas, (e.g., Fig. 5b) and show
little detailed structure as a whole. The relationship between
the knobby facies and the underlying deposits is made clear by
examination of detrended MOLA topography (Fig. 4b). Here,
the distinctive underlying lava flows can be traced into the area
of the ridged facies and then further into the area of the knobby
facies; it appears that the knobby facies has been deposited on
top of the underlying lava flows without marked interaction
with the substrate. Analysis of the interior of the knobby facies
and the regions around its exterior reveals little evidence for
features that might indicate melting, such as channels, ponded
material or eskers. On the basis of morphologic comparisons of
the knobby facies with cold-based, debris-covered glaciers in
the Dry Valleys region of Antarctica (Fig. 5e), as well as the
mapped distribution of the knobby facies inward of the ridged
facies, we conclude that the knobby facies represents a subli-
mation till, likely produced by sublimation of debris-rich ice.

In summary, the knobby facies is interpreted as a sublima-
tion till from a cold-based mountain glacier system on the basis
of the following evidence: 1) its homogeneity, 2) its knobby
and hummocky morphology, 3) its superposition on underlying
lava flow topography without disruption, 4) its close associa-
tion with the ridged facies; 5) its superposition on the ridged
facies, and 6) its lack of melting-related features. The nature of
the sublimation process means that there is a good possibility
that residual ice may underlie some of the knobs or parts of the
larger deposit.

The Smooth Facies lies inward of the knobby terrain (Fig.
4a) and is characterized by a series of concentric ridges tens of
meters high superposed on broad lobes hundreds of meters
thick (Fig. 5c). The heads of some lobes have depressions at
their centers.

On the basis of the general morphology of these deposits as
revealed in the MOLA and image data and their spatial associa-
tion with the ridged and knobby facies, we find that rock-
glacier deposits provide a very compelling analog for these
lobate features. Rock glaciers range from ice-rock mixtures to
thin, debris covered glaciers where ice might be preserved for
considerable periods of time due to the insulating effects of the
debris. Rock glaciers form when a core of glacial ice is pro-
gressively buried by a thick debris mantle; formation is favored
by high debris accumulation rates and low ice velocities,
conditions common in an advanced state of glacial retreat. For
most rock glaciers in the Dry Valleys region of Antarctica,
debris over buried glacier ice thickens progressively down ice
flow. Rock glaciers move downslope as a result of the defor-
mation of internal ice or frozen sediments and are characterized
by surface ridges and furrows.

On the basis of the similarity of the surface morphology
and geomorphic setting of the smooth facies with terrestrial
rock glaciers, as well as its spatial relationship with knobby
sublimation till and distal moraines, we interpret this unit to be
comprised of rock glaciers formed in the proximal parts of the
fan-shaped deposit, perhaps during the waning stages of the ice
sheet evolution.  In this regard, the spoon-shaped depressions
at the head of the rock-glacier lobes likely reflect surface
lowering due to excess sublimation; such depressions are a
common feature of terrestrial rock glaciers given that debris
cover may be relatively thin at rock-glacier heads. The sharp
ridges at the head of major lobes on Arsia Mons imply active
flow and suggest the presence of buried glacier ice.

Conclusions: In summary, on the basis of terrestrial ana-
logs of cold-based glaciers, we interpret the unusual Amazo-
nian-aged, fan-shaped deposit covering ~180,000 km2 of the
western flank of Arsia Mons as the remnant of a mountain
glacier.  In this scenario, the outer parallel ridge zone is inter-
preted to be distal drop moraines formed from the lateral retreat
of cold-based glacier ice, and the knobby facies to be more
proximal hummocky drift resulting from the sublimation,
decay and downwasting of this ice (a sublimation till). The
arcuate lobes in the proximal zone are interpreted to be rock-
glacier deposits, formed by flow deformation of debris-covered
ice; some deposits may still be ice-cored. We find little evi-
dence for meltwater features in association with any facies, and
thus conclude that the glacier ice was predominantly cold-
based throughout its history and ablation was largely by subli-
mation. Similar deposits are seen on Pavonis and Ascraeus
Montes.
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Figure 1a .  Drop moraines, on the floor of lower Arena Val-
ley, deposited from former fluctuations of Taylor Glacier.
The oldest moraines are > 1.2 Ma [9].

Figure 1b.  Close-up view of drop moraines in lower Arena
Valley (Taylor Glacier in upper left-hand corner).  The out-
ermost moraine stands 3 m above the surrounding valley
floor.

Figure 2a.  Oblique air view of central Beacon Valley.  The
flat valley floor, lined with polygons, is underlain by glacier
ice > 8.1 Ma [12, 13].

Figure 2b.  Glacier ice, >8.1 Ma [12, 13], buried beneath 50-
cm-thick sublimation till on the floor of central Beacon Val-
ley.

Figure 3a.  Rock glaciers at the head of Beacon Valley, Ant-
arctica.  The dolerite-rich drift that covers these glaciers is
<1 m thick.

Figure 3b.  The Mullins Valley rock glacier, upper Beacon
Valley.  This rock glacier, about 6 km in length, is as much as
700 ka near its distal end.
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Figure 4a (above).  Geological sketch map of the western Arsia Mons fan-
shaped deposit (modified from [17]) superposed on a MOLA topographic gra-
dient map (fan-shaped deposits: R, ridged; K, knobby; S, smooth) (other adja-
cent deposits: SA, shield; SB, degraded western flank; SC, smooth lower west-
ern flank; CF, caldera floor; CW, caldera wall; PF, flank vent flows from Arsia
Mons; P, undivided Tharsis plains).

Figure 4b (left). Detrended MOLA topography of western Arsia Mons (re-
gional slopes have been removed; lighter is relatively steeper topography and
darker is relatively shallower topography; black is no data presented).  Note
that the lava flows clearly extend underneath the ridged and knobby facies and
are undisturbed (compare to 4a).  Arrows show inner and outer margins of
ridged facies.
Figure 5 (below).  Facies of the fan-shaped deposit.  a) Ridged facies, inter-
preted as drop moraines; b) Knobby facies, interpreted as sublimation tills; c)
Smooth facies, interpreted as rock glaciers.  (Viking Orbiter images)
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WHAT IS THE TIME SCALE FOR ORBITAL FORCING OF THE MARTIAN WATER CYCLE?  M. H. 
Hecht, Jet Propulsion Laboratory, California Institute of Technology (michael.h.hecht@jpl.nasa.gov)  

 
 
Introduction:  Calculation of the periodic varia-

tions in the martian orbital parameters by Ward [1] and 
subsequent refinements to the theory [2,3]  have in-
spired numerous models of variation of the martian 
water cycle. Most of these models have focused on 
variations in planetary obliquity on a both a short-term 
(110 kyr) time scale as well as larger oscillations oc-
curing over millions of years. To a lesser extent, varia-
tions in planetary eccentricity have also been consid-
ered. The third and fastest mode of variation, the pre-
cession of the longitude of perihelion, has generally 
been deemphasized because, among the three parame-
ters, it is the only one that does not change the inte-
grated annual insolation. But as a result of this preces-
sion, the asymmetry in peak summer insolation be-
tween the poles exceeds 50%, with the maximum cy-
cling between poles every 25.5 kyrs.  

The relative contribution of these different ele-
ments to orbital forcing of climate takes on particular 
importance in the context of apparently recent water-
related features such as gullies or polar layered depos-
its (PLD). Christensen, for example, recently indenti-
fied mantling of heavily gullied crater walls as residual 
dust-covered snow deposits that were responsible for 
the formation of the gullies in a previous epoch[4]. 
Christensen assumed that the snow was originally de-
posited at a period of high obliquity which was stabi-
lized against sublimation by a lag deposit of dust. 

It is suggested here that not obliquity, but the short-
term oscillations associated with precession of the 
perihelion may play the dominant role in the formation 
of gullies, major strata in the polar layered deposits 
(PLD), and other water-related features. 

Importance of a hydrological cycle:  Though 
Mars is a cold, dry planet, with respect to the thermal 
stability of liquid water at low altitudes it is not terri-
bly different from comparably cold places on Earth 
[5]. In dry air such water would evaporate faster on 
Mars, at a rate comparable to a 60°C hot spring on 
Earth, but the heat loss associated with that evapora-
tion would be mitigated by the poor thermal convec-
tion in the thin Martian air. Even at higher altitudes 
where the atmospheric pressure does not reach the 
triple point of water, liquid water might theoretically 
exist in a low-vapor pressure form such as wet soil, in 
a briny solution, or simply under a layer of dust or 
snow [6,7]. 

The theoretical stability of liquid water does not 
suggest its occurrence, however, either on Mars or in 
Antarctica. In general, locations warm enough for ice 

to melt will eventually become dessicated because the 
average temperature exceeds the frostpoint Global 
models of mars have suggested supported the premise 
that locations capable of providing sufficient heat for 
melting are, precisely for that reason, too dry for water 
to be present [8-10]. To form gullies or other water-
related features, the water supply must be periodically 
recharged. Moreover, it can be convincingly argued 
that seasonal recharging is necessary – otherwise the 
boundary of the cryosphere will tend to adiabatically 
adjust to the changing heat balance. Recent observa-
tions from the Odyssey spacecraft of permafrost buried 
deeper in the southern hemisphere than in the northern 
hemisphere is likely an example of this phenomenon. 

Consistent with the Christensen observation, a 
premise of this work is that the atmospheric cycling of 
water, through sublimation and subsequent condensa-
tion and precipitation, is the most likely source of re-
charging. The physical conditions necessary for melt-
ing to occur in seasonal deposits has been described 
elsewhere [5]. Currently, tens of precipitable microns 
of water are available in the atmospheric reservoir for 
seasonal condensation. Though this amount can be 
multiplied by factors of 10-100 by local coldtrapping 
[11], on present-day Mars we still expect less than 0.1 
g/cm2 seasonal accumulation of frost or snow in a par-
ticular location such as a gully. To explain formation 
of geological features, these numbers would need to be 
multiplied by additional factors of 50-100. Orbital 
forcing provides a ready means to do that. 

Modeling of orbital forcing: Studies of the rela-
tive role of the orbital elements in providing water to 
the atmosphere have led to discrepant conclusions. 
Thus Fanale [12] calculated the peak vapor pressure at 
the North Pole by assuming a surface of pure water ice 
or CO2 ice with distinct optical properties, incorporat-
ing only radiative balance and latent heat of CO2 depo-
sition. It was further assumed that the zonal humidity 
was proportional to that peak water vapor, which was 
in turn a simple function of the ice surface tempera-
ture. The analysis indicated the possibility of two or-
ders of magnitude increase in humidity with the 51,500 
year precessional cycle, with additional gains under 
more favorable obliquity. While Jakosky et al. [13], in 
a more rigorous model, concluded that the effects of 
precession were more modest, the models of Mellon et 
al. [14] indicated a larger temperature excursion at 
high latitudes from extremes of precession than from 
obliquity. 
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To further understand these discrepancies, a proto-
col similar to Fanale's was employed, but with the 
critical addition of the tracking latent heat of water 
condensation and sublimation. A formula proposed by 
Ingersoll [15] was used to convert temperature to sub-
limation rate, assuming constant total atmospheric 
pressure. A typical result of that model is shown in 
figure 1. All three curves represent an extrapolation 
back only 150 kyrs. Rather than extrapolating back far 
enough to reflect large changes in obliquity, the obliq-
uity was forced to specific values. Thus one curve 
represents the calculated obliquity, a second holds the 
obliquity at the current value of 25°, and the third 
holds the obliquity at 40°. The data is expressed in 
terms of the amount of heat from insolation that is 
converted to sublimation under these circumstances. It 
can be seen that, at constant obliquity, the sublimation 
rate can increase by a factor of 100 with the passage of  
only 20 kyrs. Changing the obliquity from 25° to 40° 
adds another factor of only approximately 5. 

 
Figure 1: Calculated peak evaporative loss at the 

North Pole of Mars, expressed as an evaporative heat 
measure over 150,000 years. The calculation balances 
radiation, latent heat of CO2 and H2O, and insolation 
using orbital parameters from Ward [1], albedo and 
emissivity values suggested by Fanale et al [12]. To 
show the relative effect of precession and obliquity, the 
three curves represent calculated obliquity and obliq-
uity fixed at 25° or 40°. 

The result of figure 1 is surprising in that the rela-
tive influence of the orbital variations is highly nonlin-
ear with the actual change in insolation. Figure 2 pro-
vides a qualitative guide to the source of that nonlin-
earity, showing how much heat is partitioned into 
evaporation of ice (in equilibrium) as a function of the 
total absorbed heat.  In radiative balance, the surface 
temperature will scale as the ¼ power of insolation, 
but the evaporation rate will increase as a much higher 

power of temperature. Thus, at low temperatures, the 
evaporation rate rises steeply with increasing tempera-
ture. At higher temperatures, however, sublimation 
consumes most of the available power, and the rela-
tionship trends towards linear, governed by the avail-
able heat rather than the temperature. With Mars cur-
rently experencing a dessicated atmosphere, t follows 
that the largest changes in humidity follow from the 
initial, modest gains in insolation. 

 

Figure 2: Evaporative loss, calculated as in figure 1 as 
a function of absorbed heat and total pressure. Flat 
regions at the high and low end reflect contributions of 
solid  CO2 (left) and liquid H2O (right). 
 

The limitations of models such as this can not be 
overstated. Albedo, for example, has a much greater 
influence on temperature than orbital forcing, and 
seems to be linked to insolation, possibly via its influ-
ence on dust transport [16]. Lateral and vertical trans-
port of both heat and water will profoundly effect the 
actual influence of orbital forcing on climate. These 
factors in turn depend on total pressure, which can not 
be established without an understanding of the depth 
of the CO2 reservoir. Of particular relevance to this 
work, the discrepancy between the results of Jakosky, 
and the present results (or those of Fanale) follow pri-
marily from the use of peak seasonal temperature 
rather than integrated temperature. With respect to 
sublimation, the most singular difference between high 
and low obliquity epochs follows from the length of 
the summer season rather than the peak temperature. 

An additional factor that has not been incorporated 
into published models may be of critical importance in 
interpreting models such as this one. It has been as-
sumed to this point that the supply of water is limited 
by the delivery of heat alone. In practice, a limited 
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amount of water can probably be desorbed from the 
polar cap as a result of orbital forcing before a lag de-
posit of dust shuts off the process. At the present time, 
for example, very little exposed water appears to be 
available for sublimation in the southern hemisphere. 
Qualitatively, this phenomenon would tend to punctu-
ate the delivery of water vapor to the atmosphere, re-
sulting in bursts of high humidity, possibly from each 
pole, every 51,000 years. While quantitative modeling 
of this phenomenon is outside the scope of this ab-
stract, qualitatively it can be concluded that such an 
effect would further erode the advantage of obliquity 
over procession in its capacity to inject water vapor 
into the atmosphere. 

Conclusions: Models of peak seasonal sublimation 
from the north polar cap suggest that the important 
cycle of water injection is 25.5 or 51 kyrs, depending  
on whether one or two poles are involved. If the proc-
ess is limited by hemispheric depletion of available 
dust-free water, the result may be periodic pulses of 
water injection. Such a finding is consistent with the 
recent conclusions of Laskar et al. [3], derived from 
analysis of PLD stratigraphy. The proposed timescale 
is shorter by perhaps two orders of magnitude than 
current thinking about water-related events on Mars. 
The implications of this shift for geology as well as 
astrobiology are significant. 
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Low frequency sounding radars should be able to 

probe the Martian subsurface layers down to varying 
depths, depending on the geo-electrical properties of 
the sounded sites. We present in this work four fre-
quency dependent geo-electrical models of the Martian 
subsurface in the 1-20 MHz frequency band, based on 
laboratory electromagnetic characterization of Martian 
soil analogues. Those models correspond to local Mar-
tian sites, where we considered particular interest for 
the search of water using mainly the Ground Penetrat-
ing Radar (GPR) instrument of the Netlander mission. 
Results and discussion are also valid for both sounding 
experiments MARSIS and SHARAD. The four models 
of the Martian subsurface are designed to represent 
terrains where recent fluvial like features suggest the 
presence of near subsurface ground ice and probably 
liquid water. We performed measurements on volcanic 
and sedimentary materials that may be present on these 
sites under the appropriate geophysical conditions that 
may exist in those terrains. We then simulated the 
backscattered radar echo arising from each site in the 2 
MHz frequency band, using the Finite Difference Time 
Domain (FDTD) algorithm, in order to evaluate the 
instrument performances to probe the subsurface strati-
graphy of each site. Our results confirm that the near 
subsurface rich iron oxide mineralogy controls the 
instrument performances in terms of penetration depth 
and signal to noise ratio in the 2 MHz frequency band. 
We also discuss the geophysical and geo-electrical 
sounding conditions that could lead to an ambiguous 
detection of shallow subsurface water on Mars for the 
Netlander GPR. Finally we hope to present by the con-
ference time a terrestrial test analogue site selected 
according to those creteria where deep sub-surface 
water have been detected 600 m deep using a proto-
type of the 2 MHz Netlander GPR in a field survey 
performed last febrary in the eastern part of the Egyp-
tian desert.    

Introduction:  Models of the thermal structure of 
the Martian crust suggest that the thickness of frozen 
ground (the depth at which the local temperature rises 
above the ice fusion point) range from ~2.5-5.0 km at 
the equator to ~6-12 km at the poles [1,2]. Recently 
high resolution images from the Mars Orbital Camera 
(MOC) onboard the Mars Global Surveyor (MGS) 
orbiter reveal the possible presence of water layers in 
the near subsurface of Mars, at a depth of few hun-
dreds meters. Water could flow out from an under-

ground ice rich saturated layer covered locally by vol-
canic altered materials [3]. 

 Efficient sounding methods are required in 
order to detect the water present in the Martian subsur-
face a hundred meters or a few kilometers deep. One 
of the best suited is based on sounding radars. Water, 
even if still present on Mars at shallow depth (less then 
300 m), will be difficult to detect using drilling and 
seismographs. Radar sounding methods, either from 
orbit or from surface based systems, represent the ade-
quate geophysical tool to inform us about subsurface 
water abundance and distribution, a parameter of pri-
mary importance to understand the history of the 
planet [4,5]. 

 Three radar instruments are planned in the 
current decade to probe the Martian subsurface and 
detect the presence and distribution of subsurface wa-
ter layers. The performances of all of these radar sys-
tems are strongly dependent on the petrology and min-
eralogy of the Martian subsurface [6,7], which define 
the electrical behavior of each geological layer of the 
sounded sites. Most of the Martian surface presents a 
volcanic context and is covered by an iron oxide-rich 
dust layer, more probably constituted of altered basalts 
[8], hematite [9], maghemite and other ferromagnetic 
minerals [10]. This dust material is overlaying volcanic 
layers of fractured basalt and lava flows, with a geo-
graphically and stratigraphically variable component 
of massive and interstitial ice [1,2]. Deeper subsurface 
material could be mainly constituted of fractured 
ground ice. If we assume this configuration to be rep-
resentative of the Martian subsurface, then materials 
present in the first few hundred of meters of the sub-
surface could significantly attenuate the probing radar 
signal, due to electric and magnetic losses, thus limit-
ing the penetration depth to few hundreds of meters at 
the 2 MHz frequency [7]. 

 Radar sounders should then operate at spe-
cific sites where the geo-electrical context is locally 
less conductive and where local geothermal conditions 
could lead to the presence of liquid water at shallow 
depths [2]. In this paper, we present the geo-electrical 
modeling of such favorable sites in order to define 
future potential landing sites for the GPR experiment 
of the Netlander mission, and derive some criteria for 
optimal sounding sites for future radar experiments. 
Numerical simulations of the radar echo for the se-
lected sites are presented and discussed. 
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Geological models :  Four geological models of 
Martian subsurface are proposed in order to highlight 
the effect of several components such as liquid water, 
magnetic minerals and sedimentary deposits. The pres-
ence of fine grained or coarse deposits of different 
petrology (especially with varying porosity and per-
meability) may substantially affect the ice content in 
the subsurface and hence the radar signatures. These 
models correspond to possible local stratigraphy on 
Mars but large uncertainties exist about the composi-
tion and nature of the subsurface material. Examples 
are given to illustrate each proposed model refers to 
locations on Mars where the subsurface could corre-
spond to the model, but detailed thickness and compo-
sition of the layers are speculative. These models do 
not take into account the regional variability of the 
selected geological unit. The possibility of finding 
shallow aquifers in the Martian near-surface is low due 
to cold temperatures, and liquid water should not be 
present at less than 1 km according to realistic thermal 
gradients [1]. Nevertheless, we detail three examples 
where local residuals of subsurface water could be 
found at shallow depth. These locations would corre-
spond to regions of high geothermal flow, outflow 
channels, or ice-rich northern plains. The last case  
does not consider liquid water but sediments formed 
by desiccation of an ancient lake. 

 
Electromagnetic characterization and geo-

electrical modeling:  Once the geological models are 
set and well defined, we investigated representative 
laboratory samples, in terms of mineralogy and poros-
ity, for each layer of the above-discussed models. In 
our analogy, the electromagnetic properties of each 
layer of a geological profile are reduced to the elec-
tromagnetic characterization of the representative labo-
ratory sample. Samples are compositionally homoge-
neous, with different porosities, temperatures and a 
varying amounts of iron oxide-rich minerals (hematite, 
maghemite, magnetite) for samples representing vol-
canic layers. It must be kept in mind that this is a sim-
ple approach that does not reproduce the heterogene-
ous composition of rocks and their complex porosity. 
However, as we are mainly interested in the permittiv-
ity of the samples to build geo-electrical models to 
evaluate losses in wave propagation, homogenous 
mixtures of minerals and ice are relevant. For the per-
mittivity measurements, we used two capacitive cells. 
The first one characterizes powder materials (porosity 
ranging from 30 to 50 %) and the second one measure 
pellets of compacted powder (porosity ranging from 
15 to 30 %) or machined from a rock sample. For the 
permeability measurements, we used a self-magnetic 
cell. Each layer analog is described in terms of the real 

and imaginary part of its dielectric constant, its con-
ductivity in S/m and its relative magnetic permeability 
µ (in this work we only considered the real part of the 
magnetic permeability, as mineral mixtures used to 
simulate the subsurface layers in the four models are 
not highly magnetic). It is important to note that the 
choice of analog materials to construct our samples is a 
first order approximation to illustrate the variation in 
the sounding radar performances in various possible 
Martian geo-electrical configurations.  

    
Results and discussions: We have investigated in 

this work four models of the Martian subsurface that 
describe example of sites presenting potential interest 
in the application of low frequency sounding radars to 
the search for water on Mars. We used laboratory 
measurements on sample analog and numerical FDTD 
simulations of the radar pulse propagation, to derive 
what might be an appropriate site to detect the possible 
presence of shallow water saturated layer using landed 
and orbital sounding radars. We suggest that regions 
such as the Hadriarca Patera volcano could present a 
potential type of terrain for future radar sounding of 
shallow aquifers. Sites representing possible subsur-
face hydrothermalism combined with a rather low at-
tenuation factor of overlaying volcanic layers consti-
tute a favorable site for sounding radar techniques. A 
reasonable penetration depth of hundreds meters at 2 
MHz could allow the detection of liquid water at spe-
cific sites. Our simulations also showed that several 
geological interfaces in the Martian subsurface can 
present important dielectric contrasts due to different 
concentrations in iron-rich minerals and to variations 
in porosity and could give a similar radar response to 
the one expected from an ice / water interface at shal-
low depths. It is important to note that even using sim-
ple models, the radar echo simulation shows complex 
behaviors that could be interpreted since we know 
where geological interfaces are located. Working with 
future real data from the Netlander GPR instrument or 
similar sounder will imply a “blind” inversion process 
that will certainly be more complicated. It will in par-
ticular be very difficult to interpret the presence of any 
interface appearing on the radar echo without a pre-
liminary study of the geological context for each site. 
We expect ambiguities to increase with increasing the 
depth of investigation. 

 The reader must keep in mind that there is no 
unique description of the Martian geo-electrical prop-
erties, thus any sounding radar whether orbital or 
ground located can’t have a unique evaluation of per-
formances,  results will be strongly depending on the 
investigation site.  
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 The validity of the geological models pre-
sented and hence geo-electrical modeling and simula-
tions is mainly related to our present day knowledge of 
the Martian upper crust mineralogy and stratigraphy. 
We expect data from the Gamma Ray Spectrometer 
(GRS) and the Thermal Emission Imaging System 
(THEMIS) onboard the Mars Odyssey mission and 
future chemical and mineralogical analysis of the Mar-
tian soil to be performed by the 2003 Mars Exploration 
Rovers (MER) to provide the missing information con-
cerning the chemical and mineralogical composition of 
the Martian surface. We should then be able to im-
prove the modeling of a more realistic case of the Mar-
tian subsurface. Such work is crucial for preparing the 
interpretation of data that will be produced by the fu-
ture radar instruments.   
 
References. [1]  Clifford S.M (1993) JGR, 93, 10973-
11016. [2] Clifford, S.M., and T.J. Parker (2001) 
Icarus., Vol. 154, pp. 40-79. [3] Malin, M.C., and K.S. 
Edgett, (2000) Science, 288, pp. 2330-2335. 
[4] Berthelier, J.J., and Netlander Team, (2000) Plane-
tary and Space Science, 48, pp. 1153-1159. [5] Clif-
ford, S.M. et al., (2001) Conference on the geophysical 
detection of subsurface water on Mars, Houston. [6] 
Olhoeft, G.R., (1998) , 7th Int. Conference on GPR, 
Lawrence. [7] Heggy et al., (2001) Icarus, Vol. 154, 
N2, pp. 244-257. [8] Pinet, P. and S. Chevrel (1990) 
JGR, 95, pp. 14435-14446. [9]  Christensen, P.R., et 
al. (2000) Lunar Planet. Sci. Conf., XXXI, Houston. 
[10] Hviid, S. F. et al., (1997) Science, 278, pp.1768-1770. 
 
 
 
 

 

Sixth International Conference on Mars (2003) 3012.pdf



A new model on the thermal behavior of the near surface layer on Mars and its implications for ground ice 
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Introduction: : Most models used to investigate 

the thermal behavior of the Martian surface fall in 
three categories. The first category sees the surface 
only as a boundary condition for atmospheric models, 
a good example is the NASA Ames GCM [1] or the 
European Mars Climate Database [2,3]. These models 
usually study only the top layer of the surface, in gen-
eral not deeper than 1m. The second category studies 
the surface on large scale both temporal and spatial. 
These models are for example used to study the effect 
of obliquity changes. They usually use a simplified 
structure of the subsurface with homogeneous thermo-
physical properties and a very coarse grid laterally as 
well as on the surface. The third category studies the 
near surface layers down to a depth of about 100m. 
These models are ideally suited to study the stability of 
ground ice deposits reachable by future landing mis-
sions. However most of this models assume a very 
simplified subsurface structure. They assume that the 
underlying material has the same thermo-physical 
properties as the surface layer measured by MGS. A 
good example is the recent work by Mellon [4]. While 
all of this models produce valid results there have been 
concerns, that the simplified assumptions about the 
subsurface structure might influence the results sig-
nificantly [5]. 

To address this concerns we have developed a new 
model for the thermal behavior of the Martian surface. 
The Berlin Mars near Surface Thermal model (BMST) 
is based on a standard model for cometary surfaces [6]. 
We have adapted this model to the conditions of the 
Martian surface. While most models used today for the 
near surface layer of Mars assume constant physical 
properties with depth, our model is based on a layered 
structure of the subsurface material, in which each 
layer can have different physical and thermo-physical 
properties. The recent result for the Polar layered de-
posit [7] and from the layering found for example in 
Maris Vallenaris [8],  suggest that this is a more realis-
tic representation of the Martian surface. The main 
features of the BMST are a high lateral resolution 
down to the centimeter range, the realistic treatment of 
the thermal properties of ice-rock mixtures, a detailed 
treatment of gas flux within the surface and into the 
atmosphere and a variable temporal resolution which 
allows to study daily as well as annual variations. 

We have used this model already for studies of the 
Beagle 2 landing site [9] and the proposed MER land-
ing site [10] both in Isdis Planitia. 

The model:  For this study we have assumed 50m 
thick surface layer composed of an initially homoge-
neous, porous, crystalline ice rock-dust mixture. This 
layer contains dust, rocks and two components of 
chemically different ices (H2O, CO2). We have used 
lower lateral resolution of only 10cm. The model 
solves the time-dependent mass and energy equations 
for the different volatiles simultaneously. Solar energy 
input varies due to orbital and rotational motion of the 
planet.  Heat is transferred into the interior of the body 
by solid state heat conduction in the dust-rock-ice mix-
ture (matrix) and by vapor flowing through the porous 
matrix.  The gas flow from the sublimation fronts is 
driven by vapor pressure gradients.  A dust layer 
(crust) on the surface is assumed in which all the vola-
tiles are vaporized.  The crust is initially very thin (one 
layer) and can grow because of inward migration of 
the sublimation fronts.  The energy conservation equa-
tion for the porous, icy, dusty layer is (for detail see [6, 
10])  

( )    ,q  H        T      = T   v  c      + 
t 
T   c ii

n

1  =  i
mgg ∆+∆•∆∆•

∂
∂ ∑κρψρ  

where ∆Hi and qi are the enthalpies of sublimation 
and the intrinsic mass release rate of vapor per unit 
volume of components i, respectively, κm is the ther-
mal conductivity of the matrix, T is the temperature, t 
the time, ψ the porosity, ρg the mean gas density and v 
the mean velocity of the gas evaporating from deeper 
layers and streaming through the crust, and c and cg the 
average specific heats of the matrix and of the gas at 
constant volume, respectively.  The energy conserva-
tion equation for the crust is 

( ) T      = T   v  c     + 
t
T   c dgg ∆•∆∆•
∂
∂

κρψρ  

where κd is the thermal conductivity of the dust  
crust.  The surface temperature is calculated from the 
balance between the net incoming solar flux, losses 
from thermal reradiation, heat needed for sublimation 
or becoming free during condensation, and heat trans-
port in and out of the shell  

.   QH + |  T     + T    = 
r

   ) A  1 (  F
i
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R  =  rsd

4
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0
n

∆∆ ∑κσε
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In this equation A denotes the albedo, F0 the solar 

constant, r the heliocentric distance in AU, ζ the local 
zenith angle of the Sun, ε the infrared emissivity, σ the 
Stefan Boltzmann constant, and Ts the surface tem-
perature, and Q the gas release rate into the atmos-
phere at the surface. The latent heat L = ∆H is calcu-
lated from the Clausius Claperon equation 
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where P is the saturation pressure. The conserva-
tion of mass in an n component system undergoing a 
phase change is given by the following equations: 

   ,n          ,2    ,1 = i   ,q = j   + 
t  

  
  ii

g ••••∆
∂

∂ ρ
ψ   

where, for each component i, ρg is the density of 
the porous matrix and j the flux of gas. The internal 
gas production rate q is given by  

 ,)    -  (    
a 2

    c = q g isatii i
ρρ

ψ  

 with ci the mean thermal velocity of the gas mole-
cules, ρsat the saturation density and a the radius of the 
pores. 

Gusev crater:  We have started a detailed study of 
Gusev Crater, one of the landing sites of the upcoming 
MER mission. We will present here some very first 
results of our study. 

 It has been suggested that Gusev Crater is the lo-
cation of a paleolake [11-14] fed by Ma’adim Vallis, a 
900km long fluvial system. Recent results from the 
GRS instrument on Mars Odyssey indicate that region 
around Gusev Crater shows an enrichment in Hydro-
gen in the soil, possibly indicating ground ice deposits 
within the upper 2m below the surface [15]. 

Thermo-physical properties of Gusev Crater: 
We have used MGS thermal inertia data [16] to con-
struct maps of the thermal conductivity for the surface 
within Gusev Crater. Figure 1 shows a part of the floor 
of Gusev Crater surrounding the landing site. The tar-
geted landing site and the lateral extension of the land-
ing ellipse are marked on the map. The map has a reso-
lution of 8 pixels per degree and is calculated from the 
map of thermal inertia I by 

c
I
ρ

κ ²
=

 
assuming for the density ρ=1500 kg m-3 and for the 

heat capacity c=795 Jkg-1 K-1 . These are typical values 
for fine sand assuming a basaltic composition. 

The most striking feature of the map in Figure 1 
are two areas showing high values for the thermal 
conducitivity. While the typical value is approximately 
0.05 WK-1m-1  these two areas show values up to 0.14 
WK-1m-1 . In Figure 1 the contour line denotes a value 
of 0.1 WK-1m-1. The areas showing high thermal con-
ductivity overlap with areas mapped morphological as 
etched terrain [18]. A likely interpretation is that the 
dust cover has been at least partly removed from the 
underlying base material.  Comparison with MOC and 
recent THEMIS VIS images, confirms that the dust 
cover has only been removed in parts. Therefore the 
relatively coarse resolution of the thermal conductivity 
map gives only a lower limit for the thermal conduc-

tivity of the underlying material. As an estimate for the 
thermal conductivity of the base material we have as-
sumed for this first study the maximum value of the 
thermal conductivity of Tc=0.14  WK-1m-1 observed in 
the high conductivity area.  For the dust cover we have 
derived a medium value of Tc=0.05 WK-1m-1. The 
thermal conductivity of the base material might indi-
cate sedimentary material, but this requires further 
studies. 

 

Figure 1 Thermal conductivity as derived from MGS 
thermal inertia measurements 

Based on MGS data we have also derived a map of 
the albedo for the area surrounding the landing site 
shown in Figure 2. This map shows slightly higher 
albedo values for the high thermal conductivity area. 
However there seems to be no clear correlation be-
tween thermal conductivity and albedo. As a medium 
albedo for the area of the landing ellipse we have as-
sumed a value of 24%. 

 

Figure 2 Albedo as derived from MGS TES measure-
ments 

Thermal modeling: We present here one example 
of the modeling we have studied for Gusev Crater. 
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Figure 3 Temperature distribution in the subsurface 
for a layered subsurface structure 

 
We have studied a two layered subsurface structure 

with a thin dust layer covering a 50m layer of a porous 
base material. For the thermal conductivity of the two 
layers the values derived above have been used. The 
base material has a porosity of 0.2 and a tortosity of 
1.5. At the start of the modeling run the pores have 
been partly filled with water ice and CO2 ice. The 
model has been run for 100 Mars orbits. At this time 
the model has reached a dynamically steady state. This 
means that annual cycles are repeated with little or no 
variatiations. Figure 2 shows the temperature distribu-
tion for the first 5m below the surface over a part of 
the annual cycle covering the activity period of the 
MER. The temperature gradient is very steep close to 
the surface. Within the first 30cm the temperature 
drops by almost 70K and the material below shows 
little variations over an annual cycle. The upper 10cm 
show temperatures variations of nearly 20K over the 
same time period. The material which will be sampled 
by the MER is therefore most likely modified by ther-
mal erosion.  

Stability of ground ice: The BMST allows not 
only to derive the temperature distribution in the sub-
surface, but calculates also the stability of ground ice 

deposits. Figure 4 shows the saturation of the subsur-
face with water ice. While the surface up to a depth of 
more than 1m is completely dessicated, starting at a 
depth of 1.5m the surface can hold up to 40% of ice. 
The ground ice deposit at this depth is stable over an-
nual cycles. Possible frost deposits close to the surface 
forming on diurnal cycles are not shown in Figure 2 
because for this modeling the time steps are approxi-
mately 2 sol. 

 

 

Figure 4 Saturation of the subsurface with ground ice 

Our findings for the stability of ground ice deposits 
within the first 2m below the surface are in good 
agreement with the results from the Mars Odyssey 
Neutron Spectrometer as reported by Feldmann et al. 
[15]. The distribution map of hydrogen indicates an 
slight enrichment in the region of Gusev Crater. This 
enrichment seems stable over different seasons.  

Conclusion: The newly developed model for the 
thermal behavior of the near surface layer has proven 
to be a useful tools in studying the MER landing site in 
Gusev Crater. The agreement with Mars Odyssey 
Neutron spectrometer data is encouraging. 

Based on our first modeling results Gusev Crater 
might have ground ice deposits relatively close to the 
surface which are stable over long time periods. 
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Unfortunately the Mars Exploration Rover are not 
equipped with any instruments which will allow to 
access these ice deposits directly.  

The location of Gusev Crater close to the surface 
might favor it as a landing site for a possible future 
drilling mission. The in-situ measurements of the MER 
in Gusev Crater will allow to improve the modeling 
and give better constraints on the subsurface structure 
and possible ground ice deposits. 
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Introduction: We investigate the oxidizing prop-
erties of Mars’ polar regions using disk-resolved ultra-
violet spectra from the Ultraviolet Spectrometer (UVS)
on Mariner 9.  We detect the spectral characteristic of
hydrogen peroxide (H2O2), which has already been
found to exist on the icy galilean satellites.  The Mari-
ner 9 UVS data have been archived at NASA’s Plane-
tary Data System (PDS) Atmospheric Node and are
also available at http://lasp.colorado.edu/Mariner_9_data/.
A software visualization tool, Albatross, provides da-
tabase access  (  http://lasp.colorado.edu/albatross/  ) and
enables the user to view reflectance spectra for desired
latitude/longitude regions and mission phases. It dis-
plays the UVS field-of-view (FOV) tracks along with
the corresponding reflectance spectrum for a chosen
FOV against a background showing the Mars surface
image, or a user specified alternate dataset, such as a
thermal, geologic or topographic map.

The UV H2O2 signature: Hydrogen peroxide has
been detected on the icy Galilean satellites.  A 3.5 µm
feature was discovered [1] in a Galileo Near-Infrared
Mapping Spectrometer (NIMS) spectrum of Europa,
which was found to agree with a laboratory-measured
mixture of 0.13   +   0.07% H2O2 in water ice.  A simulta-
neous measurement of Europa by the Galileo UVS
revealed a distinctive spectrum, which agreed with the
same H2O2 laboratory mixture that fit the NIMS spec-
trum [1].  The same distinctive feature was also de-
tected by the UVS on Ganymede and Callisto [2].  The
abundance of peroxide was modeled at all observed
locations on Ganymede [2] and found a strong correla-
tion with solar angle, where peroxide abundance in-
creases with decreasing solar angle.  On Ganymede,
hydrogen peroxide abundance is thus generally anti-
correlated with ozone abundance.  Sample Galileo
UVS spectra of Ganymede are shown in Fig. 1.  The
upper panel of Fig. 1 shows Ganymede’s ozone signa-
ture, while the lower part of Fig. 1 displays the char-
acteristic of hydrogen peroxide, which is flat at wave-
lengths longer than ~2900 Å; at shorter wavelengths
the brightness decreases with wavelength.

H2O2 and O3 on Mars: Ozone was discovered on
Mars using ultraviolet data from Mariner 7 [3].  A
broad absorption feature centered near 2600 Å was
detected by ratioing a south polar cap (65° S) spectrum
to an equatorial (1° S) spectrum; this band was found
to be similar to the Hartley ozone absorption band.  It
was unclear at that point whether the ozone was an

atmospheric constituent or if it was trapped in the polar
cap ice.  Further measurements using the UVS on
Mariner 9 [4] revealed ozone both associated with the
polar hood and at the polar caps; at low latitudes, no
ozone was ever detected above the detectable level.

Figure 1.  Galileo UVS data of Ganymede.  Top panel
shows ozone-like absorption feature in a ratio of a
south polar spectrum to an equatorial spectrum.  Lower
panel shows a spectrum of a leading hemisphere region
which shows the hydrogen peroxide characteristic.
The top panel shows a ratio of measured spectra, while
the lower panel shows the measured “radiance coeffi-
cient,” which is the measured reflectance divided by
the cosine of the solar incidence angle.

The ozone associated with the polar hood had
much higher abundances than the polar cap ozone [4];
both types of ozone displayed a seasonal variation,
where more ozone was measured during the winter
than in summer (Fig. 2).  It was suggested [5] that the
lack of equatorial ozone was due to the fact that the
infrared instrument on Mariner 9 detected 10 µm of
precipitable water vapor in equatorial regions; this
water vapor was suggested to constrain the amount of
ozone allowed to form at low latitudes.

The Mariner 9 observations led to the following
scenario of seasonal variations in Mars’ ozone.  During
early summer, no ozone is present above the detectable
level of 3 µm-atm (where 1 µm-atm = 2.69x1015 mole-
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cules-cm-2).  Ozone appears in late summer over the
polar cap and associated with the polar hood.
Throughout autumn and early winter, ozone amounts

Figure 2.  Seasonal variation in ozone abundance as-
sociated with polar hood (observations from between
50° and 75° latitude).  Left panel is for southern hemi-
sphere, right panel is for northern hemisphere [4].

increase to maximum values at midwinter, and the
spatial distribution increases so that ozone is detected
between the poles and 45° latitude.  The maximum
detected value of ozone in the northern hemisphere
was 60 µm-atm, while for the southern hemisphere the
maximum amount was 30 µm-atm.  Between midwin-
ter and early summer, ozone amounts decrease.  It was
found [6] that atmospheric ozone abundances vary on a
daily time scale as well, where amounts increase as the
atmospheric temperature decreases and water vapor
amounts decrease.  Temporal variations in ozone
abundance driven by water vapor changes associated
with orbital position have also been displayed with
more recent data from HST (e.g. [7]).

Figure 3.  Sample spectrum of polar hood O3.  From
[8].

Most early Mariner 9 investigations (e.g. [8]) fo-
cussed on ozone associated with the polar hood, which
is atmospheric ozone, as shown in Fig. 3.  Ozone asso-
ciated with the polar caps has been less thoroughly
studied.  It is as yet unclear whether the ozone exists in
the ice of the winter polar cap, having been snowed out
along with CO2, as suggested by [3], or whether the
ozone exists in a thin layer overlying the bright polar
cap.  Certainly there are differences between the at-
mospheric ozone and the polar ozone.  They both show

similar seasonal variations, but overall, much less
ozone is present at the polar caps than in the polar
hood.  The polar cap ozone band is also much shal-
lower than the polar hood ozone, indicating that the
ozone might be in a different form.  A sample spec-
trum of the polar cap ozone is shown in Fig. 4 (lower
panel).

                   2500                   3000                 3500

                   2500                  3000                 3500
wavelength (Å)

Figure 4.  Mariner 9 data of the south polar cap (Barth,
unpublished data).  Shown are measured reflectances;
the y-scale is from 0.0 to 0.05 on both plots.  The bot-
tom panel displays the ozone absorption band while
that feature is absent from the top spectrum.  Both
spectra were taken of the southern polar cap (85° S);
the top panel was taken in mid-summer (orbit 124) and
the bottom spectrum was taken in late summer (orbit
184).

Figure 5 (from [4]) displays the variation in polar
cap ozone abundance with season during the Mariner 9
mission.  The left panel shows the southern cap data,
while the right panel is for the northern cap.  During
the summer, no ozone was measured at the southern
polar cap.  (The spectrum shown in the top portion of
Fig. 4 is from southern summer.)  Ozone began to be
detected in the late summer at that cap.  (The spectrum
in the lower panel of Fig. 4 is from this time frame.)
During the same period of time, the northern polar cap
was experiencing winter, and large amounts of ozone
were measured at that cap.  Northern polar cap
amounts decreased as that hemisphere transitioned into
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spring and then summer.  As with the polar hood
ozone, polar cap ozone amounts were postulated to
decrease as odd hydrogen (especially H2O) amounts
increased (during summer).

Figure 5.  Variation in ozone abundance on polar caps
versus season.  The left panel shows Mariner 9-
measured ozone abundances for the south polar cap,
while the right panel is for the north polar cap.  Ozone
abundances are greatest during winter and are lowest
during summer.  From [4].

We note that the spectrum shown in the upper
panel of Fig. 4 displays the characteristic spectral
shape of H2O2, recognized from UV data of the icy
satellites.  In this study, we model UV spectra of Mars’
polar regions from Mariner 9 UVS in terms of O3 and
H2O2 to investigate the spatial and temporal distribu-
tions of each, and the relationship to each other.  Re-
sults indicate that relatively high amounts of H2O2 ex-
ist at the summer cap, along with relatively low
amounts of O3. The opposite is true for the winter cap.
This suggests a relationship between H2O 2 and O3

whereby the dissociation of H2O2 produces OH which
contributes to the destruction of O3, where odd hydro-
gen (OH) destroys the odd oxygen that would other-
wise go to form ozone:

H + O2 + M => HO2 + M
HO2 + O => OH + O2

OH + CO => H + CO2

Thus, when more water vapor is present, more odd
hydrogen is present, inhibiting the formation of ozone.
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Introduction:  The Imager for Mars Pathfinder 

(IMP) obtained a full panorama of the Sagan Memorial 
Station landing site on Sol 2, before the IMP mast was 
deployed [1].  The images in this panorama were taken 
in 4 filters (including stereo) and losslessly com-
pressed to provide a high-quality multispectral survey 
of the landing site even if the IMP mast did not suc-
cessfully deploy; this data set was therefore called the 
“Insurance Pan” [2].  It was completed late in the af-
ternoon of Sol 2, just before the IMP mast was (suc-
cessfully) deployed.  The data were stored in memory 
and returned to Earth after it became clear that 
downlink rates were higher than expected.  The Insur-
ance Pan horizontal (azimuth) coverage is nearly com-
plete, with gaps caused by pointing errors and data 
packet losses.  Stereo data were acquired in the blue 
(445 nm) filter, as well as right-eye green (531 nm), 
orange (600 nm), and near-infrared (752 nm) data.   

Background and motivation.  Previous analyses of 
IMP multispectral data have primarily made use of 
multispectral “spots” and the “Super Pan” [3-6], which 
were taken after the IMP mast was deployed.  The 
multispectral spots were losslessly compressed, 64 × 
64 pixel subframes of selected targets.  The Super Pan 
was compressed 2:1 (except for the blue and red stereo 
filters, which were compressed losslessly), and was 
83% complete at the end of mission [2].  The Insur-
ance Pan complements these other data sets by provid-
ing high-fidelity (losslessly compressed) image cover-
age of much of the landing site in 4 filters from a dif-
ferent point of view.  The Insurance Pan data can be 
used for various quantitative studies, including far-
field stereogrammetry when paired with images taken 
after mast deploy.  Parts of the Insurance Pan include 
areas along the photometric equator and are therefore 
useful in extending previous photometric studies [7].  
The potential for these and other types of investiga-
tions using the Insurance Pan motivated us to assemble 
the multispectral mosaics shown below.   

Image Processing:  Previous attempts to analyze 
the Insurance Pan have been complicated by the dif-
ferences in camera pointing between the stereo blue 
images and the other multispectral images.  These dif-
ferences caused rotation as well as translation of the 
blue images relative to the other images.  The version 
of the USGS Integrated Software for Imagers and 
Spectrometers (ISIS) system that was used to process 
other IMP data [8, 9] included programs to correct for 
random (but temporary) misalignment of filter bands 
within an image set acquired with identical camera 

pointing by translating images relative to each other 
but not rotating them.  Therefore, a new program was 
developed that performs an affine transformation be-
tween Cartesian coordinate systems.  This new soft-
ware was used to register the multispectral bands in the 
Insurance Pan, as described below. 

Radiometric calibration.  Version 3 of the IMP 
calibration algorithm was used to radiometrically cali-
brate the Insurance Pan images first to radiance and 
then to reflectance relative using observations of the 
radiometric calibration target (RCT) [10, 11].  This 
algorithm compensates to some extent for the temporal 
and viewing geometry differences between images of 
the scene and of the RCT, as well as the proportions of 
direct vs. diffuse illumination of the surface, which is a 
function of topographic slope, viewing azimuth, and 
time of day.   Radiance values of a scene were scale by 
the ratio of the total downward flux at the time of RCT 
acquisition to the total downward flux at the time of 
scene acquisition.  This was done by using an ap-
proximation to the sky model of [12] to convert the 
scene brightnesses to values that they would be pre-
dicted to have had if observed simultaneously with the 
RCT images.  RCT image sets were acquired four 
times during acquisition of the Insurance Pan.  As 
such, most scene images were acquired within 30 min-
utes of RCT images.  Because the radiometric preci-
sion of the Insurance Pan is not affected by data com-
pression, the radiometric accuracy of the calibrated 
images is limited only by the camera calibration.  The 
absolute radiometry is therefore accurate to ~10%, and 
the relative (spectral) radiometry is accurate to ~3% 
[10, 11].   

Registration and projection.  Processing of cali-
brated Insurance Pan images included trimming off 
invalid pixels from all edges, and locating and replac-
ing dropped compression blocks with null pixel values.  
Camera pointing and orientation of non-stereo (right-
eye) images within a colorset were updated to reflect 
those values derived for the corresponding triangulated 
blue-filter stereo image set.  A slight change in the 
camera position between acquisition of imagery 
through the blue-filter and the other filters within a set 
required further translational and rotational adjustment 
of the non-stereo images.  ISIS automatically collects 
control points between any given filter and the corre-
sponding blue-filter (right-eye) image within a set.  
The addition of manually selected control points was 
necessitated by the software’s difficulty in recognizing 
common features due to differences in albedo/contrast 
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between filters and lack of features within bland por-
tions of a scene.  A solution for the best fit of control 
points to an affine transformation was derived to cor-
rect for translational and rotational discrepancies.  This 
solution was applied only when an image was pro-
jected in order to avoid resampling of the data more 
than once.  Projected, coregistered images were 
stacked in wavelength-sequential order and placed in 
an ISIS image cube.  All sets for a particular sequence 
were then mosaicked. 

Results:  Examples of the Insurance Pan products 
we have generated are shown in Figures 1 and 2.  All 
of these products were generated using the Macauley-
Kirk projection [8].  Preliminary analyses of the Insur-
ance Pan data will be presented at the conference.   
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Figure 1.  Approximately “true color” rendition of portion of IMP Insurance Pan, azimuth range –10.2 to 32.8 de-
grees.  Red channel = 600 nm, green channel = 531 nm, blue channel = 445 nm.  Single black pixels and horizontal 
black lines are locations of bad pixels that have been nulled out.   
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Figure 2.  Near-IR/blue ratio image of same portion of IMP Insurance Pan shown in Fig. 1.   
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Figure 3.  Approximately “true color” rendition of portion of IMP Insurance Pan, azimuth range 32.3 to 89.1 de-
grees.  Red channel = 600 nm, green channel = 531 nm, blue channel = 445 nm.  Single black pixels and horizontal 
black lines are locations of bad pixels that have been nulled out.   
 
 

 
 
Figure 4.  Near-IR/blue ratio image of same portion of IMP Insurance Pan shown in Fig. 3.   
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Introduction:  The Athena science payload on the 

Mars Exploration Rovers (MER) includes the Micro-
scopic Imager (MI) [1].  The MI is a fixed-focus 

camera mounted on the end of an extendable instru-
ment arm, the Instrument Deployment Device (IDD; 
see Figure 1).   

 

 
Figure 1.  IDD instrument turret during MER 2 testing.  RAT at left, MI at center, APXS at right (Mössbauer 
spectrometer not visible).  MI dust cover is shown closed, with contact sensor to lower left.  
 

The MI was designed to acquire images at a spatial 
resolution of 30 microns/pixel over a broad spectral 
range (400 - 700 nm; see Table 1).  Technically, the 
“microscopic” imager is not a microscope:  it has a 
fixed magnification of 0.4 and is intended to produce 
images that simulate a geologist’s view through a 

common hand lens.  In photographers’ parlance, the 
system makes use of a “macro” lens.  The MI uses the 
same electronics design as the other MER cameras [2, 
3] but has optics that yield a field of view of 31 × 31 
mm across a 1024 × 1024 pixel CCD image (Figure 2).  
The MI acquires images using only solar or skylight 
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illumination of the target surface.  A contact sensor is 
used to place the MI slightly closer to the target 
surface than its best focus distance (about 66 mm), 
allowing concave surfaces to be imaged in good focus.  
Because the MI has a relatively small depth of field (± 
3 mm), a single MI image of a rough surface will 
contain both focused and unfocused areas.  Coarse 
focusing (~ 2 mm precision) will be achieved by 
moving the IDD away from a rock target after the 
contact sensor is activated.  Multiple images taken at 
various distances will be acquired to ensure good focus 
on all parts of rough surfaces.  By combining a set of 
images acquired in this way, a completely focused 
image can be assembled.  Stereoscopic observations 
can be obtained by moving the MI laterally relative to 
its boresight.  Estimates of the position and orientation 
of the MI for each acquired image will be stored in the 
rover computer and returned to Earth with the image 
data.  The MI optics will be protected from the Martian 
environment by a retractable dust cover.  The dust 
cover includes a Kapton window that is tinted orange 
to restrict the spectral bandpass to 500-700 nm, 
allowing color information to be obtained by taking 
images with the dust cover open and closed.  The MI 
will image the same materials measured by other 
Athena instruments (including surfaces prepared by 
the Rock Abrasion Tool), as well as rock and soil 
targets of opportunity.  Subsets of the full image array 
can be selected and/or pixels can be binned to reduce 
data volume.  Image compression will be used to 
maximize the information contained in the data 
returned to Earth.  The resulting MI data will place 
other MER instrument data in context and aid in 
petrologic and geologic interpretations of rocks and 
soils on Mars. 

 

 
Figure 2.  Cutaway diagram of MI optics barrel, 
showing sapphire window, lenses, and filter. 
 

 
Table 1.  MI performance requirements 
Instantaneous Field of View (IFOV) of 30 ± 1.5 
micrometers/pixel on-axis 
Field of View (FOV) of 1024 x 1024 square pixels 
Spectral bandpass of 400-680 nanometers 
Effective depth of field of ≥ ±3 millimeters 
Optics MTF ≥ 0.35 at 30 lp/mm over spectral 
bandpass at best focus 
Radiometric calibration absolute accuracy of ≤ 20% 
and relative (pixel-to-pixel) accuracy of ≤ 5% 
Signal to Noise Ratio (SNR) ≥ 100 for exposures of  
≥ 20% full well over the spectral bandpass within the 
calibrated operating temperature range 
Temperature sensor, accurate to ± 2°C, on the CCD 
package that can be read out and associated with the 
image data in telemetry 
Working f/# = 15 ± 0.75 
Operating temperature range within calibrated 
specifications = -55 ± 2°C to +5 ± 2°C 
 

Science Objectives:  To contribute to the achieve-
ment of the science objectives of the MER missions 
(Crisp et al., 2003), the Athena Microscopic Imager 
will:  (1) image fine-scale morphology and reflectance 
of natural rock and soil surfaces, (2) image fine-scale 
texture and reflectance of abraded rock surfaces, (3) 
aid in the interpretation of data gathered by other 
Athena instruments by imaging areas examined by 
them at high resolution, and (4) monitor the accumula-
tion of dust on the capture and filter magnets.   

A wealth of geologic information can be obtained 
through studying rocks and soils with microscopes that 
have resolutions sufficient to enable detailed charac-
terization of coatings, weathering rinds, individual 
mineral grains, or clasts.  Such characterization is par-
ticularly important for analyses of aqueous 
sedimentary rocks.  The size, angularity, shape, and 
sorting of grains reveal much about conditions of 
transport and deposition.  Such information, which can 
be provided by the Microscopic Imager for sand-size 
and larger grains, will be extremely useful for 
understanding past aqueous environments on Mars.  A 
variety of structures may be imaged that could provide 
diagnostic information about sedimentary 
environments, both in sedimentary rocks and 
unconsolidated soils.  Across the size range from about 
100 µm to 10 cm there are many well-documented 
sedimentary structures, formed within siliciclastic, 
carbonate and evaporitic environments, that reveal 
much about sedimentary processes and sedimentary 
environment.  Examples include stratification (e.g., 
cross laminations), bedforms (e.g., ripples), chemical 
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precipitation (e.g., crystal fabrics) and dissolution 
(e.g., stylolites), desiccation features, and sediment 
fabric.  The MI will also be used to study textures and 
layering in recent sediments such as duneforms and 
aeolian lag deposits.  Observations of the size, shape, 
color, and sorting of aeolian sediments will be 
compared with previous theoretical, remote sensing 
and laboratory studies of windblown material on Mars  
in order to better understand the origin and evolution 
of these materials.  An example of the type of soil 
images expected from the MI is shown in Figure 3.  A 
library of images of various terrestrial soil types is 
being assembled and will be used to aid the 
interpretation of MI data from Mars.   
 

 
Figure 3.  Monochrome version of FIDO Color 
Microscopic Imager [6] data from May 2001 field test, 
showing natural soil illuminated by skylight (target in 
shadow).  View is about 13 mm across, 20 
microns/pixel, taken at f/10.   

 
Microscopic imaging also provides useful informa-

tion on volcanic rocks and impact breccias. Vesicular-
ity patterns give an indication of lava volatile content 
and distribution.  Grain size and texture provide infor-
mation on crystallinity of the magma when emplaced, 
its depth of origin, and how quickly it cooled.  Micro-
scopic imaging can be used to identify small veins of 
precipitated minerals like the carbonates in the Martian 
meteorite ALH84001.  An example of the type of rock 
images expected from the MI is shown in Figure 4.  In 
addition to images of natural surfaces, the MI will be 
used to image surfaces prepared using the Rock Abra-
sion Tool (RAT).  Comparison of microscopic images 
taken of a rock target before and after abrasion will 
allow mineralogy and potential weathering processes 
to be studied.   

The MI will also be used to image the filter and 
capture magnets mounted on the front of the rover [4].  
These permanent magnets will be imaged frequently 

by Pancam and occasionally by MI during the landed 
mission, as airborne dust slowly accumulates on them.  
In order to monitor the thickness of the dust layer over 
time, the glass-bead blasted aluminum surface of the 
magnets has been marked by three types of tiny im-
pressions (Fig. 4).  The surface markings have been 
designed for MI imaging and are not expected to be 
visible in Pancam images.  This experiment should 
provide much more precise constraints on the dust 
layer thickness than previous methods, which were 
based on the optical contrast between dust-covered and 
dust-free areas of the magnet surface [5].   

Stereoscopic MI data can be obtained by moving 
the camera laterally using the IDD, allowing the de-
tailed topography of the target to be derived.  Such 
high-resolution topography may help constrain the 
mineralogy of grains that show cleavage faces.  For 
rocks and soils that exhibit interesting spatial hetero-
geneity, the IDD can also be used to acquire MI 
mosaics.  The combination of MI and other Athena 
observations will provide strong constraints on the 
mineralogy, genesis, and modification of Martian sur-
face materials.  Finally, because imaging observations 
of Mars have not yet been made at the scale expected 
from the MI, new discoveries and insights are likely.   
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Figure 4.  Image of rough side of rock target AREF146, taken by engineering model MI under room lighting.  Field 
of view 31 mm square, 30 microns/pixel. 
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Introduction: The motivation of our study is to character-
ize the Isidis basin in terms of topography and morphology,
to investigate the origin of its geologic units, to study the
geologic history and evolution of the basin, and to provide
additional geologic context for the Beagle lander. The Isi-
dis basin is important in that it is one of the major impact
basins on Mars. Although not part of the northern lowlands,
it contains deposits of the Vastitas Borealis Formation.
Syrtis Major is a large volcanic complex immediately west
of the Isidis basin and it has been observed that lavas from
Syrtis Major and deposits in the Isidis basin (i.e. the Vasti-
tas Borealis Formation) have complex stratigraphic rela-
tionships [Ivanov and Head, 2002, 2003]. We report on
results of our investigation of this region based on topog-
raphic and imaging data obtained by orbiting spacecraft
such as Mars Global Surveyor (MGS) and Mars Odyssey.
This study complements our recently completed analyses of
Syrtis Major [Hiesinger and Head, 2003] and the transition
between Syrtis Major and Isidis [Ivanov and Head, 2003].
The new data allow one to get a detailed view of the Isidis
basin, its structure, stratigraphy, geologic history, evolution
and its relationship to the Syrtis Major volcanic complex.
We will address a number of scientific questions, for ex-
ample, what are the characteristics of the Isidis rim and
what caused its present morphology? What role does Syrtis
Major play in the evolution of the Isidis rim? What is the
role and fate of volatiles in the Isidis basin and what are the
characteristics of the uppermost surface layer? Does the
floor of the Isidis basin primarily consist of volcanic plains
as indicated by wrinkle ridges and cone-like features, mate-
rial deposited by a catastrophic collapse of the rim as pro-
posed by Tanaka et al. [2000], or of sediments deposited in
an ocean as suggested by Parker et al. [1989, 1993]? What
is the stratigraphy of the deposits within the Isidis basin and
what processes were responsible for its present appearance?
Finally, what is the origin of the thumbprint terrain exposed
within the inner basin?

Results: For our investigation we used the latest MOLA
topography data with a spatial resolution of 128 pixel/deg,
THEMIS and MOC data, as well as Viking Orbiter images
and previously published maps [e.g., Grizzaffi and Schultz,
1989; Greeley and Guest, 1987].

Topography of the Isidis floor:  MOLA data indicate that
the basin floor is tilted towards the southwest (Figure 1).
Southwestern parts are at about -3880 m elevation; north-
eastern parts of the floor are at about -3660 m elevation.
This results in a slope of ~0.02 degree. Watters [2003] pro-
posed that the southwest tilt along the dichotomy boundary
could be the result of flexure of the southern highlands due
to vertical loading of the northern lowlands with km-thick
ridged-plains material during the Late Noachian or the
Early Hesperian. In the MOLA topography wrinkle ridges

are easily detected and work of Head et al. [2002] and
Ivanov and Head [2003] showed that Hesperian ridged
plains underlie the sediments of the Vastitas Borealis for-
mation in the northern lowlands and in the Isidis basin.
Alternatively, Tanaka et al. [2001c] proposed that the depo-
sition of up to 2-3 km thick sediments of the Vastitas Bore-
alis Formation in the northern lowlands resulted in exten-
sive deformation of the lithosphere and the tilt of the Isidis
floor. The origin of these deposits could be sedimentation
from a northpolar ocean as proposed by Parker et al. [1989,
1993] or from large-scale CO2-charged debris-flows as
proposed by Tanaka et al. [2001c].

Figure 1: Topographic map of the Isidis basin. Note that the floor
in the southwest is about 300-350 m lower than in the
northeast.

Figure 2: Geologic map of the Isidis basin [Greeley and Guest,
1987] with superposed MOLA contour lines.
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The geologic map of Greeley and Guest shows several
geologic units, ranging in age from a Hesperian/Noachian
undivided unit, to the Hesperian age Vastitas Borealis For-
mation, to Amazonian age smooth and knobby units (Fig-
ure 2). None of these units follows the current contour lines
for long distances but rather cross-cut them in numerous
locations. If true that the Vastitas Borealis Formation was
originally deposited horizontally in an ocean, then this
would imply that the tilting continued after the emplace-
ment of unit Hvr. From this we conclude that the emplace-
ment of the Vastitas Borealis Formation and its loading of
the lithosphere might have contributed significantly to the
tilting of the Isidis basin. Grizzaffi and Schultz [1989]
mapped several terrain types in the Isidis basin, such as an
annulus of ridged terrain, knobby terrain to the northeast,
and central hillocky terrain. Again, none of the mapped
units follows the current contour lines. In addition, the inte-
rior plains unit of Tanaka et al. [2001c] encloses the outline
of the ridged and hillocky unit. They found variations in
elevation along this contact of ~300-350 m.

Head et al. [1999] found that the global mean elevation
of Parker’s contact 2 is –3760 m, although variable. Con-
tact 2 in the Isidis basin does not follow the current contour
lines. Over a distance of about 600 km the contact is about
300 m higher in the northeast compared to the southwest.
However, this is expected if the Isidis floor was later tilted,
as suggested by work of Watters [2003] and Tanaka et al.
[2001c]. Tilting the basin floor backwards to a horizontal
position, makes contact 2 a more equal elevation line than
the current topography would suggest.

Isidis rim:  A prominent rim of the Isidis basin is absent
in several locations such as the passage to the northeast into
Utopia/Elysium Planitia (Figures 3 and 4). A sharp, well-
defined rim is also missing where Syrtis Major lavas
flowed into the Isidis basin. However, the rim is well ex-
posed along the southern edge of the basin as well as in the
north of Isidis and Syrtis Major. The topography along the
rim of Isidis is relatively smooth at the sampling resolution
(Figure 3) and only the Libya Montes are characterized by
a rough topography with high isolated peaks that are sepa-
rated by deep valleys (Figure 4). Figure 4 shows differ-
ences in elevation of more than 7000 m. Highest elevations
(~3400 m) are associated with isolated peaks of the Libya
Montes; lowest elevations (~-3800 m) occur in the passage
to the Utopia basin and the northern lowlands. Large parts
of the rim in the Syrtis Major area are higher than in most
other areas except the high peaks of the Libya Montes.

Based on gravity and topography data Zuber et al. [2000]
concluded that the basin is filled with sediments and/or
lavas and that the crust underneath the basin is thin. The
geologic map indicates that the southern rim consists of
rough, hilly, fractured material (unit Nplh) of moderately
high relief which has been interpreted as ancient highland
rocks and impact breccias that were formed during the pe-
riod of heavy bombardment [Greeley and Guest, 1987].
Units of the north rim (Nple, Npl2) are younger than the
units of the south rim and are characterized by eolian dis-
section, collapse of ground ice, minor fluvial activity, and

thin lava flows or sediments that partly bury underlying
rocks [Greeley and Guest, 1987].

The large variations in elevation of the Isidis rim of more
than 7000 m (Figure 4) can have several causes such as
initial heterogeneities, erosion of parts of the rim, tectonic
deformation or burial with Syrtis Major lavas [e.g., Wich-
mann and Schultz, 1988; Tanaka et al., 2002]. Despite the
wide range of possible causes, the absence of the western
Isidis rim has been used as an argument for the emplace-
ment of thick (1-2.5 km) Syrtis Major lavas that covered
the rim [e.g., Wichmann and Schultz, 1988].

Figure 3: MOLA topography of the Isidis basin with superposed
ring structures of Schultz and Frey [1990]. Red dots
mark the locations of measurements for Figure 4.

An alternative hypothesis was proposed by Tanaka et al.
[2001a, b; 2002]. They suggested that magmatic activity in
the Syrtis Major region began with the emplacement of
shallow sills that caused catastrophic erosion of friable
upper crustal Noachian rocks, that is, the Isidis rim. Ac-
cording to their model, these rocks were charged with water
ice, water, or perhaps CO2 ice or CO2 clathrate, allowing
large volumes of rock to be disrupted, eroded and trans-
ported for many hundreds of kilometers (also see Tanaka et
al. [2001c]). The eroded material would have ultimately
filled the Isidis basin with tens to a few hundreds of meters
of sediments [Tanaka et al., 2001a]. If the Isidis rim un-
derwent catastrophic erosion we would expect to see evi-
dence for large amounts of material deposited in the west-
ern parts of the Isidis floor. Instead, MOLA data show that
the basin floor is tilted to the southwest, with the lowest
elevation close to the eastern edge of Syrtis Major lavas. In
addition, Bridges et al. [2003] concluded that thermal iner-
tia data are not consistent with the majority of rocks being
brought into the Isidis basin from the Syrtis Major area as
suggested by Tanaka et al. [2000]. They found evidence for
an influx of sediments from the southern and eastern mar-
gins of the basin such as the Libya Montes region.

Sixth International Conference on Mars (2003) 3061.pdf



Figure 4: Topographic profile along the second ring structure of Schultz and Frey [1990] of Figure 1. Starting at 90˚ (E, right side of Figure
1), the profile shows the topography clockwise, i.e., E-S-W-N along the ring

Ridges in the Isidis basin:  Based on the new 128
pixel/deg MOLA topographic data we identified two types
of ridges on the floor of Isidis; wrinkle ridges and curvilin-
ear ridges that comprise the thumbprint terrain [e.g., Griz-
zaffi and Schultz, 1989]. Our results indicate that the ridges
of the thumbprint terrain are on the order of 10-50 m high
and less than ~5 km wide. A large number of thumbprint
ridges are ≤1 km wide. The elevations of the ridge crests
vary along the studied ridges and are not uniform along the
ridges. Numerous ridges appear to consist of connected
knobs with large central depressions relative to their basal
diameter. Most of the curvilinear, subparallel-parallel
ridges occur throughout the Isidis basin and well below the
elevation at which Isidis gets connected to the northern
lowlands. Grizzaffi and Schultz [1989] mapped the ridges
in Isidis and comparing their map with the map of ring
structures of Schultz and Frey [1990] we see that these
ridges mostly occur within the innermost ring. The orienta-
tions of the studied ridges were found to be independent
from the basin structure or the current topography. If the
ridges were controlled by basin-wide tectonic patterns, we
would expect these ridges to be oriented radially or concen-
tric to the basin center. Rather, most of the ridges are ran-
domly oriented with respect to the basin center. Also there
is no prefered orientation with respect to the currently low-
est point in the basin as would be expected if these ridges
were recent products of mass movements or debris flows.

Wrinkle ridges in the interior of the Isidis basin were not
mapped in previous studies [e.g., Chicarro et al., 1985;
Watters, 1993]. Using new MOLA detrended data, Head et
al. [2002] found that the wrinkle ridges in Isidis are similar
to wrinkle ridges in the North Polar basin and concluded
that the veneer of units Hvr and Aps is sufficiently thick to
obscure the topography and

morphology of the ridges in Viking Orbiter images. They
proposed that the wrinkle ridges are part of the Hesperian-
aged ridged plains (Hr) that formed elsewhere on Mars.

Ridges of the thumbprint terrain differ significantly from
the wrinkle ridges in Isidis Planitia. Based on our study
these wrinkle ridges are much larger in height, width, and
length and do not show the typical subparallel orientation
of the thumbprint terrain. The wrinkle ridges are oriented
radially and concentric to the basin structure, form “cells”
of ~180 km diameter, and occur throughout the basin floor
over a wide range of elevations. Wrinkle ridges in Isidis are
on the order of 75-150 m high and less than ~70 km wide.
Profiles across these ridges commonly show asymmetric
cross-section, which are typical for lunar wrinkle ridges
and martian wrinkle ridges of typical volcanic plains such
as Lunae Planum [Head et al., 2002].

Figure 5: THEMIS and MOC images of thumbprint ridges in the
Isidis basin.
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The Beagle lander:  The floor of the Isidis basin has been
selected by the European Space Agency (ESA) as the land-
ing site for the first European lander on Mars. This lander,
named Beagle after Darwin’s exploration vessel, will oper-
ate on the surface for 180 sols. It will perform a whole suite
of experiments (e.g., stereo camera, microscope, spec-
trometers (X-ray, Gamma-ray, Mössbauer), gas analyzer,
environmental sensors), while the Mars Express spacecraft
will orbit the planet to acquire global high-resolution re-
mote sensing data and to ensure data downlink from the
lander to Earth. In addition, the Isidis basin is also under
consideration as a potential landing site for the NASA
MER rovers. From the Beagle lander we expect an im-
provement of our understanding of the Isidis basin in sev-
eral ways. For example, by identifying different rock types
it will tell us something about the relative importance of
sedimentary and volcanic processes for the basin fill. By
determining the amount and types of volatiles we will bet-
ter understand the nature, formation and evolution of the
basin floor and its morphologic features, such as the
thumbprint terrain.

Conclusions: From our study we conclude that (1) the
floor of the Isidis basin is tilted to the southwest with about
0.02˚ and this tilt might be the result of loading the northern
lowlands with ridged plains units and the Vastitas Borealis
Formation; (2) the outer ring of the Isidis basin shows large
variations in elevation, which are consistent with several
interpretations including initial heterogeneities, erosion of
parts of the rim, tectonic deformation or burial with Syrtis
Major lavas; (3) there is a dominance of small wavelength

roughness for the central units in Isidis; (4) the Isidis basin
is relatively shallow and currently could hold only 1.6 x 105

km3 of water, which corresponds to an average depth of
about 200 m; (5) contact 2 of Parker et al. [1989] is cur-
rently not a line of equal elevation. However, re-tilting the
floor backwards to a horizontal position improves the fit of
contact 2 to such a line; (6) there are 2 types of ridges
within the Isidis basin; (7) ridges of the thumbprint terrain
consist of curvilinear arrangements of cones with large
central depressions, are 10-50 m high, occur throughout the
basin at a large range of elevations and their orientations
appear to be dominated by local rather than regional fac-
tors; (8) wrinkle ridges are ~75-100 m high, < ~70 km
wide, hundreds of kilometers long and occur over a wide
range of elevations; (9) future work will include detailed
investigation of the stratigraphy, the tilt of the floor, the
thumbprint ridges, and the relationship of the Amenthes
trough with the Isidis basin.
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Electrical Engineering, Stanford University, Stanford CA94305-9515, USA, (hinson@rocc.stanford.edu).

Radio occultation sounding of the neutral atmosphere is
conducted routinely as part of the Mars Global Surveyor Radio
Science (RS) investigation [Hinson et al.,1999, 2001;Tyler
et al., 2001]. Each observation yields a profile of temper-
ature and pressure versus radius that extends from the sur-
face to∼10 Pa, an altitude interval of∼40 km. More than
7000 RS profiles have been acquired since measurements be-
gan in January 1998, and these experiments are continuing
as part of an ongoing extended mission. The RS profiles are
available from both PDS and a more versatile RS Web site
(http://nova.stanford.edu/projects/mgs/dmwr.html).

These RS experiments provide a unique record of pressure
variations within the lower atmosphere on time scales from di-
urnal to interannual. A compact summary of the RS measure-
ments can be obtained by extracting one sample of pressure at
fixed elevation from each profile. Figure 1 compares such RS
results with the classic pressure measurements by the Viking
Landers [Hess et al.,1979; Zurek et al.,1992]. Three sets
of data appear in this figure: (1) the daily average pressure
from Viking Lander 1 (VL1) at 22◦N, 312◦E, (2) analogous
results from Viking Lander 2 (VL2) at 48◦N, 134◦E, and (3)
RS pressures sampled at the same elevation as VL1. Both the
latitude and longitude of the RS measurements vary continu-
ally. These RS observations are from December 1998 through
May 2002, which corresponds to Mars year (MY) 24 and 25.
(In the convention used here MY 1 begins atLs = 0

◦ on April
11, 1955 [Clancy et al.,2000]). The VL data are from MY 12
and 13.

All three data sets in Figure 1 trace a similar cycle of sea-
sonal pressure variations, which arises primarily from polar
condensation and sublimation of carbon dioxide. Seasonal
changes in the general circulation of the atmosphere also im-
pose significant modulation on this pressure cycle [cf.Hourdin
et al.,1993]. For example, RS pressures at 60◦–70◦N in north-
ern winter (Ls = 270

◦–360◦) are 3–5% smaller on average
than the pressures recorded by VL1. This meridional pressure
gradient reflects geostrophic balance of the winter jet in the
zonal wind field.

The short-term variance of the RS measurements is real
and arises from planetary scale dynamics, with comparable
contributions from transient eddies [e.g.,Hinson and Wil-
son, 2002] and stationary planetary waves [e.g.,Hinson et
al., 2003]. Their amplitudes vary strongly with season, as
illustrated in Figure 2 where the RS data from Figure 1 have
been folded into one Martian year. The peak-to-peak spread
in the measurements ranges from>10% in late winter to<1%
near summer solstice. The signature of transient eddies (but
not stationary waves) is also apparent in the VL data in Figure
1. The eddy amplitude is largest at high latitudes (RS), mod-
erate at midlatitudes (VL2), and small in the northern tropics
(VL1).

The RS measurements span several Martian years. Both
the mean pressure and its short term variance are highly re-
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Figure 1: (top) Pressure variations at fixed elevation in the
Northern Hemisphere of Mars as measured by (black) VL1,
(blue) VL2, and (red) MGS RS. (bottom) Latitude of respec-
tive measurements.
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Figure 2: MGS RS measurements of pressure variations at
fixed elevation in the Northern Hemisphere of Mars. Colors
indicate results from (blue) MY 24, (red) MY 25, and (green)
MY 26. Experiments planned for the ongoing extended mis-
sion can fill the gap in coverage nearLs = 240

◦.
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Figure 3: Comparison of pressure measurements by (black)
VL1, (blue) VL2, and (red) MGS RS. The RS pressures were
sampled at the same elevation and essentially the same loca-
tion as each lander. The Viking data are from MY 12–13,
while the MGS data are from MY 24–25.

peatable from year to year, as shown in Figure 2. (Additional
observations during northern spring of MY 26 will be pre-
sented at the conference.)

The RS experiments in Figure 1 have sounded the at-
mosphere near both VL1 (Ls = 140

◦ of MY 24) and VL2
(Ls = 184

◦ of MY 25), which allows direct comparison of
pressure measurements by two very different techniques. Due
to the long baseline between the respective observations, this
comparison also provides a sensitive test for the presence of
secular pressure variations, such as those proposed byMalin
et al. [2001]. Figure 3 shows two years of data from both
VL1 and VL2 (MY 12 and 13) along with RS measurements
at the same elevation and essentially the same location as each
lander. The net effect of tides is small at the local time of
these RS measurements, so the daily average pressure from
the landers is used in this comparison. There is a high degree
of consistency among these data sets. The amount of carbon
dioxide that participates in the seasonal cycle appears to have
changed by<1% in 12 Martian years.

More generally, these RS experiments characterize the
geopotential and temperature fields within the lower atmo-
sphere. Sampling in longitude is relatively quick and com-
plete, allowing straightforward inference of the meridional
wind field. For example, Figure 4 shows RS measurements
of stationary waves in late summer (Ls = 162

◦ of MY 25) at
77◦N. Wave-induced variations in geopotential height range
from +240 to−180 m, corresponding to peak-to-peak pres-
sure variations of about 4% (cf. Figure 1). The meridional
winds (v′) implied by geostrophic balance range from+8 to
−10 m s−1. The temperature deviations (T

′) are surprisingly
large for this season and location, reaching extremes of+7 and
−5 K. The temperature field consists of a wave-1 disturbance
confined to the lowest scale height above the surface. Con-
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Figure 4: RS measurements of stationary waves in late sum-
mer at 77◦N. These experiments readily resolve structure
within the lowest scale height above the surface. The three
panels show (top) zonal deviations of geopotential height (m),
(middle) meridional winds (m s−1) implied by geostrophic
balance, and (bottom) zonal deviations of temperature (K).
Gray shading denotes negative values. Positive winds are
poleward.

tours ofT ′ slope distinctly westward with increasing height.
The fields ofv′ andT

′ are correlated at low altitudes, resulting
in poleward advection of warm air, equatorward advection of
cool air, and a significant poleward eddy heat flux near the
surface.
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Abstract:  Mars Express is due to arrive in orbit 

around Mars during the last days of 2003. A pri-
mary task of its mission is to map Mars in stereo 
with the High Resolution Stereo Camera (HRSC) at 
a spatial resolution of up to 12 m. The Martian at-
mosphere contains large amounts of dust and other 
aerosols that scatter light and influence the images. 
Therefore, image analysis requires careful consid-
eration of these atmospheric effects. An essential 
parameter to consider is the optical depth. It will be 
possible to map the optical depth of the Martian 
atmosphere from HRSC stereo images by analyzing 
contrast differences.  Software to this purpose has 
been developed at the Max-Planck Institute for 
Aeronomy in Lindau Germany. We present exam-
ples of optical depth-retrievals from airborne 
HRSC-A images of a region in the French Alps. 

Introduction: Stereo imaging is a valuable tool for 
e.g. deriving Digital Elevation Models (DEM), atmos-
pheric correction, and for atmospheric science. With 
the launch of Mars-Express stereo remote sensing  
leaves Earth orbit. A primary task for this orbiter is the 
mapping of almost all of Mars in stereo with the on-
board High Resolution Stereo Camera (HRSC). HRSC 
will image the surface in three or five-angle stereo and 
in five spectral bands between blue and near infra-red. 
The DEMs will have a horizontal resolution of up to 
50 m and a point accuracy of up to 25 m. By combin-
ing DEMs from the stereo images with MOLA altitude 
measurements a further improvement of the surface 
description will be possible. Furthermore, the stereo 
images offer unprecedented opportunities to study the 
Martian atmosphere and its aerosols.  

It is well known from many observations of Mars 
[1] that the remote sensing of the Martian surface is 
complicated by the strong scattering of solar radiation 
by aerosols. Thus, interpretation of images requires 
careful consideration of these effects. As in Earth re-
mote sensing, stereo information of Mars will be use-
ful for atmospheric correction. It will also offer a pow-
erful tool for studying the abundant Martian aerosols. 
An essential parameter for both atmospheric correction 
and aerosol studies is the total optical depth of the at-
mosphere.  

The Martian environment poses slightly different 
problems on optical depth retrievals than the Earth 
environment. In Earth remote sensing one often can 
look at regions that have well known surface albedos, 
such as e.g., dense dark vegetation and seas. The dif-

ference between surface albedo and the albedo ob-
served at the sensor altitude provides a means for 
measuring optical depth. Such surface regions do not 
(yet) exist on Mars and therefore one has to use alter-
native methods.  

Contrast measurements offer such an alternative. 
Usually, the surface invokes almost all of the contrast 
in a remote sensing image. The atmospheric contribu-
tion lowers it, since the aerosol layer generally shows 
very low contrast. Since an inclined view has a longer 
path-length through the atmosphere than a nadir view, 
and will thus show a larger atmospheric contribution, 
the forward and backward looking images of a stereo 
sensor will on average display smaller contrasts than 
the nadir looking images. The differences are a meas-
ure of the optical depth. We present a routine to meas-
ure optical depths from stereo images, using the above 
method of measuring how contrasts change with view-
ing angle. The routine is called MPAE_OPT_ST and 
was developed at the Max-Planck-Institute for Aeron-
omy for analyzing the coming stereo images of Mars, 
and is available in IDL as well as in C. We present 
results of demonstration runs on HRSC stereo images 
taken from an airplane of the French Alps. 

Instrument:  HRSC cameras have been developed 
by DLR in Berlin [2]. They are multiple line 
pushbroom scanning instruments. As the airplane 
moves over the surface, or as the spacecraft moves 
along its orbit, its nine CCD line detectors acquire su-
perimposed image tracks. These tracks are always ob-
served at time distances of less than a few minutes, 
thus usually only small temporal variations will exist 
between them. The line detectors, with 5184 pixels 
each, are mounted in parallel inside one optical system. 
Four of them are equipped with color filters between 
near-infra-red and blue. The other five are panchro-
matic (675 ± 90 nm) and are used for stereo imaging. 
The multiphase imagery allows for mapping of the 
surface topography. Table 1 offers more details on the 
HRSC instrument for Mars Express as well as the air-
borne HRSC-A which was used to acquire the test data 
used in this study. Details on the photogrammetric 
processing techniques applied to derive DEM and or-
thoimages are given by Wewel et al. (2000) [3], an 
overview of previous Earth-oriented campaigns is 
given in Gwinner et al. (2000) [4]. 

Theory: The stereo method formula: Let τ be the 
nadir optical depth of the atmosphere and B the image 
of the surface before extinction of the outgoing radia-
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tion by the atmosphere, and let µ be the cosine of the 
observation angle with the nadir. The observed image 
I will then be: 

I = Be-τ/µ + A 
 

where A is the contribution of the atmosphere and the 
aerosols therein. For an observation with a spatial 
resolution of kilometers or less the contrast in the ob-
served image I will usually be strongly dominated by 
the contrast on the surface (i.e., the contrast in B) since 
the aerosol layer A will rarely show large variations on 
such scales on Mars. 

There are various ways to quantify contrasts in an 
image: e.g., the difference in brightness between the 
intensity at which 10% of the pixels is brighter and the 
intensity at which 10% of the pixels is darker. Or, a 
very straightforward way: the root-mean-square varia-
tion (rms) of a region. All such methods give a similar 
formula. Using rms as an example gives:   
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HRSC will observe in three or five-fold stereo, 
each image having its own value of µ.. Ideally two 
observations suffice for retrievingτ. If B1=B2=B and if 
the two intensities I1 and I2 are well enough calibrated 
with respect to each other then:  

)()(

)()(
2

1

/
2

/
1

BrmseIrms

BrmseIrms
µτ

µτ

−

−

≈

≈

 
↓ 









−

≈
)(
)(ln*

2

1

21

21

Irms
Irms

µµ
µµ

τ
 

 
By combining results for several pairs of stereo an-

gles it is possible to estimate the error in the retrievedτ. 
Since the stereo angle of the HRSC is only 18.9°, the 
difference in contrast between the stereo and nadir 
images will generally be small, i.e., the term contain-
ing µ1 and µ2 in formula (1) is as large as 17.6. There-
fore, precise measurements of τ depend strongly on 
accurate calibration of the observed intensities.  

Reducing effects from topography and perspective: 
Perspective effects pose a serious problem since gen-
erally B1 and B2 differ due to topographic effects. I.e., 
usually the scenery changes (a bit) with a change of 
perspective; the appearance of hills and depressions, 
the shape and cover-factor of shadows, they all depend 
on the viewing angle. Thus, precise measurement of τ 
is highly dependant on accurate separation of topog-

raphic from atmospheric effects. Topography related 
artifacts can be minimized by using orthoimages, i.e., 
images reprojected on a precise DEM.  

 

 
Fig. 1 HRSC is a scanning camera with 9 line CCDs in par-
allel.  Images are built line after line as the spacecraft moves 
along its orbit. By combining nadir, backward, and forward-
views the surface can be mapped in stereo. 
 
 

Focal length 175 mm  
F number 5.6 

Stereo angles in degrees -18.9, -12.6, 0, +12.6, +18.9 
Cross-track fov 11.9º 

Pixel size 7 x 7 µm 
Pixel on the surface 12 x 12 m from 300 km 

Fov per pixel 6.25 arcsec 
Swath width on the ground 62.2 km 

Radiometric resolution 8 bit 
SNR for color lines > 80, blue >40 

SNR for panchromatic lines >>100 
Active pixels per sensor 5184 

Typical operations duration 4—30 min 
Expected coverage > 50%  at 15m/pix in nadir 

Operational lifetime > 4 years 
Typical image 62 x 330 km 

Spectral filters Wavelength 
Nadir 675 ± 90 nm          

Outer stereo (2) 675 ± 90 nm         
Inner stereo (2) 675 ± 90 nm         

Blue 430 ± 45 nm         
Green 530 ± 45 nm         

Red 750 ± 20 nm         
Near Infrared 970 ± 45 nm         

Table 1 Some properties of the HRSC camera on the Mars 
Express orbiter. 

On Contrasts and on the Errors that Shadows can 
invoke: One way in which MPAE_OPT_ST quantifies 
contrasts is the RMS variation in images. However, 

Sixth International Conference on Mars (2003) 3153.pdf



this method, as well as many alternative methods to 
quantify contrasts, is rather sensitive to non-
Lambertian properties of surfaces such as (micro) 
shadow cover. It is best to use data in which the solar 
incidence angle is larger than several tens of degrees 
and is perpendicular to the flight path of the camera so 
that the cover factors of shadows do not vary by much 
between images. Therefore, the most accurate retriev-
als of optical depths of the Martian atmosphere can be 
expected when the spacecraft circles the terminator. 

MPAE_OPT_ST also uses an alternative method to 
quantify contrasts: i.e., by looking at the difference in 
intensity between its few percent brightest and its few 
percent darkest pixels. Typically the darkest pixels 
deal with locations in deep shadow and the brightest 
pixels with locations with minimal micro-shadowing. 
As compared to for instance RMS measurements, this 
method proves to be much less sensitive, but not in-
sensitive, to differences in shadow cover between the 
stereo images.  

For each image an intensity distribution I(i) is 
given: i.e., i% of the pixels has an intensity that is lar-
ger than I. The contrast is defined as ( I(i) – I(100-i) ). 
Optical depth τ  is calculated as a function of i. Em-
pirically, the best results are obtained for 5% < i < 
10%. As a default the routine gives τ  as the average 
from the six measurements with i = 5, i = 6,…,i=10 
and uses the spread between these six retrievals as an 
estimate of the error. However, especially with unfa-
vorable geometries, it may be preferable to select other 
percentages manually; often a careful look at the inten-
sity distribution I(i) suffices to reveal problems with 
the default choice and to choose a better one. 

On absolute and other intensity calibrations: The 
stereo method will yield its most robust results when 
using images with absolutely calibrated intensities 
such as I/F values. HRSC measures intensity per pixel, 
ideally, with a precision of about 0.5% per pixel (8 
bit). If this uncertainty is systematic it results in an 
error in the derived τ of about 0.1. If it is random and 
variable the error can be reduced by averaging over 
many pixels. 

When absolute calibrations (with sufficient accu-
racy) are not available, but when intensities scale line-
arly with DN and do not contain any offset, then the 
stereo method can still be used. The routine retrieves τ  
in two ways. The first presumes absolute calibration of 
the images, the second recalibrates the images before 
retrievingτ. In the recalibration process the intensities 
in the images are rescaled so that they have the same 
average. Or, slightly more sophisticated, by rescaling 
so that the average of the i% brightest and the i% dark-
est pixels are equal for all images in a stereo set. These 

assumptions are not completely valid, but educated 
guesses on Martian aerosol properties predict that the 
resulting errors in the retrieved optical depths will usu-
ally be as small as 0.02--0.06.  Moreover, since these 
errors can to some degree be estimated, they can partly 
be corrected for. 

Data: A set of airborne triple stereo ortho-images 
of the French Alps is used for demonstrating the rou-
tine. They were taken around local noon while the 
plane was flying on an East-West trajectory. Thus, the 
Sun illuminates the scene perpendicular to the direc-
tion of flight, thus minimizing the differences in 
shadow cover between the images. The images were 
taken at almost 30 cm per pixel, 5,184 pixels wide and 
over 53,000 pixels long.  

To emulate well calibrated future HRSC images of 
Mars, the contrasts and average intensities of the im-
ages were processed in such a way that the full field 
average optical depth from rms contrasts was 0.5. 
Also, they were reduced to 300 by 3100 pixels at a 
spatial resolution of 5 m per pixel to offer a more 
Mars-like spatial resolution and to fasten computa-
tions.  

Results & Discussion: Routine MPAE_OPT_ST 
yields four estimates of the optical depth. tau and tau1 
use rms to measure contrast. tau2 and tau3 use the 
brightest and darkest pixels. The estimates tau and tau2 
presume accurate absolute calibration. tau1 and tau3 
use recalibrated intensities. Results for the full field: 

tau    0.50 ± 0.09       tau1  0.50 ± 0.04 
tau2  0.48 ± 0.17       tau3  0.53 ± 0.16 

The results for tau (and tau1) only prove that the 
images were indeed successfully processed to an rms 
optical depth of 0.5. Both tau2 and tau3 give values 
very close to 0.5. They display rather large uncertain-
ties which may mainly be induced by the altitude 
variations and corresponding variations in airmass and 
Raleigh scattering in the very mountainous region; the 
altitude differences over the imaged surface are 1500 
m or 30% of the airplane altitude above the lower 
parts.   

Next, two sub-regions of 100 by 1250 pixels were 
selected from the image. These are enclosed by the 
white lines in Fig. 2. The upper sub-region largely 
covers dark valley, the lower one mainly contains 
brighter high mountain slopes.  

upper sub region   lower sub region 
 tau   0.66 ± 0.09  tau   0.65 ± 0.09 
 tau1 0.52 ± 0.04  tau1 0.69 ± 0.04 

tau2 0.72 ± 0.10  tau2 0.53 ± 0.20 
tau3 0.51 ± 0.10  tau3 0.47 ± 0.17 

Retrievals tau, tau1, and tau2 prove unreliable. 
Both retrievals of tau3 are quite good, the difference 
between them is consistent with an average difference 
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in elevation of almost a kilometer between the two 
sub-fields.  

Finally, for each pixel location the optical depth 
was retrieved from a field of 40 by 40 pixels around it. 
Although ortho projection minimizes differences from 
topographic effects between stereo images, some dif-
ferences remain and become important for such small 
sub-fields. Therefore, we checked for such differences 
by calculating correlations. Only when all correlations 
between corresponding forward, backward, and nadir 
sub-images were larger than 0.9, tau3 was calculated. 
The results are given by the middle strip in Fig. 2; the 
darkest grey regions have tau3 < 0.2, white regions 
have tau3 > 1.0. For black regions tau3 was not calcu-
lated because of low correlation. It is obvious from the 
image that the results show an unrealistically large 
spread.  The average tau3 of all sub-fields is 0.7 ± 0.3.  

The spread can be decreased by concentrating on 
those sub-fields with the highest contrasts and highest 
correlations. Selecting the 30% of the sub-fields with 
the highest contrast, and selecting from these only 
those subfields with correlations larger than 0.98 
yields the grey pixels in the third strip of Fig. 1. They 
have average tau3 of 0.61 ± 0.14. Although correct 
within the error range, this result is less then optimal. 
We suspect that the use of small sub-fields generally 
yields too high values for the optical depth.  

To demonstrate the importance of using images of 
high correlation we present tau3 as a function of corre-
lation factors between the sub-images.  

correlation       > 0.98 tau3  0.61 ± 0.14 
correlation 0.96--0.98 tau3  0.64 ± 0.17 
correlation 0.94--0.96 tau3  0.9   ± 0.2 
correlation 0.92--0.94 tau3  1.0   ± 0.2 

As with the use of (too) small sub-fields, the use of 
sub-fields that do not perfectly match seems to overes-
timate the optical depths. 

Conclusions:  
• Favorable observing geometries, i.e., incidence 

angle more than a few tens of degrees from the 
zenith and close to perpendicular to the flight 
path, will usually allow optical depth retrievals 
with an accuracy of better than 0.1.  

• Using the brightest and darkest pixels and recali-
brated intensities will probably usually yield the 
most reliable results. 
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Fig. 2 Left: Part of the Nadir image, with white lines 
enclosing the two sub-regions that were analyzed sepa-
rately. Middle: corresponding map of tau3, calculated 
per pixel location over a sub-region of 40 by 40 pixels 
around each location. Darkest grey: tau3 < 0.2. White: 
tau3 > 1.0 Black: no tau3 calculated because of too 
low correlation between fw, nd, and bw sub-images. 
Right: tau3 for sub-images belonging to the 30% with 
the highest contrast and with correlations > 0.98. 
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Introduction: The past three years have seen an 

explosion of speculation about flow features on mod-
ern Mars, based on physical evidence including the 
Malin and Edgett gullies [1] and dark dust streaks [2]. 
In parallel, supporting work has shown that liquid wa-
ter is temporarily stable on the surface of Mars for the 
necessary period of minutes to hours to form these 
features [3]. Although alternative non-aqueous models 
have been proposed [4, 5], a majority of authors prefer 
a model of ephemeral liquid water to explain the fea-
tures - especially the gullies, for which Arctic ana-
logues exist [6, 7, 8] 

Nonetheless, what is lacking in the studies to date 
is an appreciation of how water will behave under arid 
and cryogenic conditions, when it is close to the triple 
point. Under these circumstances, water will vaporize 
easily and large amounts of transport can take place in 
the vapor phase.  

In this contribution we draw attention to Mount 
Erebus, on Ross Island, Antarctica, where unusual 
volcanic fumaroles form hollow icy towers, under 
conditions that are almost as cold and dry as Mars. We 
suggest that the search for active liquid water on pre-
sent-day Mars can be targeted at these towers which 
have obvious thermal and albedo anomalies, and a 
characteristic surface expression and pattern of occur-
rence.  

Under the harsh surface conditions of Mars, these 
icy fumarole towers represent a warm environment 
with high water vapor saturation and partial UV 
shielding – perhaps the most benign surface environ-
ment imaginable on modern-day Mars. Unfortunately, 
the analogue environment on Earth does not contain 
significant occurrences of liquid water, but the concept 
is nonetheless significantly attractive in the search for 
bioactivity on Mars. 

We illustrate this search by an example from Hellas 
Basin that appears to represent a chain of geothermal 
anomalies or “hot spots”. These are elevated by some 
20-40K above the ambient temperature, based on 
Themis IR data, and should be checked with high-
resolution visible imagery to look for the characteristic 
albedo signature of ice towers. 

Nearby, two extended patches of thermal anomaly 
are also of interest and could represent surface escape 
of fluids and vapor. The search for additional sites is 
continuing. 

“Water” on Mars: Odyssey Neutron data shows 
that much of Mars’ surface is underlain by permafrost, 
so there is no lack of available H2O. The physical form 
of this H2O is ice, not water, and the average surface 
temperature of ~216 K is far below the melting point 
of even the most caustic eutectic mixture. However, 
the evidence of gullies [1] has led many authors to 
speculate that near-surface water may be reasonably 
common on Mars, at some orbital inclinations, espe-
cially if geothermal heating raises the local ground 
temperature. 

Under these conditions, we note that any solid or 
liquid H2O in the shallow regolith will be very close to 
the triple point, and hence to the vapor phase. We will 
explore here the consequences of this for the transport 
and deposition of H2O, near to a geothermal hot spot. 

Clifford [9] introduced the concept of vapor phase 
transport of H2O within a cryoregolith on Mars. He 
envisaged a deep liquid reservoir gently adding vapor 
to the regolith pore space, which percolated upwards 
until it cooled and froze within the regolith, forming a 
thick permafrost layer without the need for atmos-
pheric cycling of H2O. We draw on that concept, and 
on a fascinating terrestrial example of low-temperature 
vapor-phase transport to suggest the likely form of 
active H2O sites on Mars. 

Mount Erebus and its Ice Towers: Situated on 
Ross Island, Antarctica, this ~3800m active volcano is 
unusual both in terms of its chemistry, and its fumar-
oles [10]. The summit region is composed of porphy-
ritic anorthoclase phonolite, with crystals commonly 7-
8cm in length. A lava lake occupies the summit crater, 
which has been continuously active since 1972. Small 
Strombolian outbursts are common and the crater is 
somewhat hazardous. In 1992, the Dante robot ex-
plorer entered the crater, with the goal of sampling 
volcanic gases, but a failure of the winch system 
aborted the mission. 

The fumaroles of Mount Erebus are quite unique 
on Earth. Normally, volcanic fumaroles are marked by 
small accumulations of spattered lava, and mineral 
species precipitated out of the volcanic gas stream, 
such as sulfur and sulfates, zeolites, and other exotic 
crystals. Note that these are the components of the 
volcanic gas that solidify at surface temperatures (or 
retrograde reaction products as the gases cool and mix 
with ambient air and rock). Other gaseous emissions 
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such as CO2, SO2, H2S, and H2O are dispersed into the 
atmosphere. 

On Mount Erebus, notably, at the prevailing tem-
perature of the summit (~235 K), H2O forms a solid 
phase – ice. Since H2O is one of the most common 
constituents of volcanic gas, the potential exists to 
form large fumarolic constructs of almost pure ice 
(Figure 1). 

In some regards, the morphology of these chim-
neys is similar to that seen at the “black smokers” of 
mid-ocean ridges where submarine vents release 
highly mineralized water. Here, the volumetrically 
important species that can form framework solids are 
metal sulfides and other ore minerals and these create 
spires and chimneys up to 30m in height, centered on 
and focusing the hot fluid vent. 

On Mount Erebus, a similar hollow ice chimney 
forms, up to 10m high, atop a broader mound of ice 
formed by debris collapsing off the spire. In local fu-
marole fields, chains of ice towers are aligned along 
subsurface fissures. The mounds may be 10-30m 
across and the chimneys have a diameter of a few me-
tres. It is possible to ascend the chimneys by ice climb-
ing and descend into the interior (Figure 2). 

Under some towers is a grotto – a cave like hollow 
under the perpetual ice of Antarctica. This grotto 
arches over the actual surface vent of the fumarole – 
typically a fissure in the lava. Daylight is attenuated 
and colored by its passage through the ice to produce 
an eerie blue dimness, sheltered from the howling 
winds outside (Figure 3). A local microclimate pre-
vails inside the grotto which is tens of degrees warmer 
than the outside air, and sheltered and “moist”. (The 
term “moist” should be used with caution, since tem-
peratures are still substantially subzero, and ice plates 
onto the roof of the grotto, but relative humidity ranges 
to 96%). 

The ground surface under the grotto is remarkably 
dry and ice-free, and still generally at sub-zero tem-
perature unless a strong local outgassing vent warms 
the ground. Even here it remains dry because if any 
liquid water was present in the regolith, it would rap-
idly evaporate, as would ice sublime. Thus, the heat of 
the fumarole acts to drive H2O out of the regolith, and 
into the arch of the grotto, and up the chimney to form 
the tower. However, as temperature within the grotto 
fluctuates, the cave roof may undergo thawing or 
freezing, generating local liquid water. 

Ice Towers on Mars?: By analogy with Mount 
Erebus, we argue that geothermal hot spots on Mars 
are unlikely to emit liquid water, unless they are ex-
ceptionally active, or newly formed - when the exten-
sive permafrost might melt for the first and only time. 
Instead, under equilibrium conditions the effect of a 

hot spot will be to drive vapor-phase transport of H2O. 
The regolith will become desiccated, and H2O-rich 
vapor will be expelled upwards. At the surface, a simi-
lar grotto-and-chimney style of ice tower is antici-
pated. 

Unlike Antarctica, most of Mars is not covered by 
permanent surface ice. Therefore a tower and mound 
of clean, bright, water ice will be superposed on the 
dull ochre dust of Mars. A broadly circular or elongate 
white spot 10-30m across is anticipated. Although this 
feature will be close to the limit of resolution for most 
satellite imaging systems, its high albedo contrast 
represents a significant imaging target. We anticipate 
towers to grow taller under the lower gravity of Mars, 
for the same base diameter. Towers 30m or more in 
height appear possible, and under appropriate low-sun 
lighting conditions, a visible shadow may also be de-
tectable if metre-scale resolution imaging is employed.  

As a further characteristic, we anticipate that mul-
tiple hotspots and associated towers will occur along 
the line of a single fissure and be elongated in a pre-
ferred direction, as is the case on Erebus. Therefore we 
can search for not just a single white dot, which could 
be an artifact, but a chain or cluster of dots, which is 
unambiguous. 

To date, we have not identified any such features in 
high-resolution Viking or MOC visible images which 
have the required resolution to identify these anoma-
lies. However, a very interesting pair of Odyssey Infra-
Red images from Hellas Basin is worth attention. 

The daytime IR image I01047002 identifies two 
areas of thermal anomalies (Figure 4). Only one IR 
band is shown here, but the features are emissivity 
anomalies on all 9 IR bands, suggesting that they are 
not patches of unusual mineral composition with re-
flectivity in one or more bands. Furthermore, the loca-
tion of the bright patches in shadowed hollows and 
backslopes suggests that the daytime emissivity is not 
simple reflection of solar radiation, or local ground 
warming of sun-facing slopes.  

The two areas are rather different – one has a cou-
ple of extended patches some 2 km across, while the 
other shows an elongate cluster of pixel-scale (i.e. 
100m or less) dots and blobs. The latter exactly fits the 
expected distribution of a cluster of hotspots along a 
fracture set. 

The thermal anomalies are confirmed by night-time 
image I01228002 which still shows a 20-40K thermal 
contrast, although nighttime temperatures are substan-
tially colder across the scene, and terrain-related 
anomalies have all but dissipated. The two images are 
overlain in Figure 5, which uses “hot” colors for the 
nighttime IR, and “white” intensity for the daytime IR 
to show terrain shape from shading. The coregistered 
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images show that daytime and nighttime anomalies 
exactly coincide. 

Despite a search of the MOC image archive, high-
resolution visible images have not been found to con-
firm the visible albedo of these features. We cannot 
therefore be sure that we have found actual ice towers 
on Mars, but we do appear to have located geothermal 
anomalies – a major search target for multiple investi-
gations. Clearly, this area deserves further study and 
additional imaging. 

Biological Implications: Although it is unlikely 
that any extant biota survive on the Martian surface, 
ice towers represent a significant protective environ-
ment that could act as a refuge for microorganisms. 
The grotto and the inside of the chimney are substan-
tially shielded from UV radiation by the icy structure 
of the chimney and mound. Temperatures inside the 
grotto will be stable, and warmer than ambient. 

At some locations inside the grotto, transient films 
of liquid water are possible. Therefore, microorgan-
isms might have some chance of survival in such a 
location. 

Since ice towers present such a striking and obvi-
ous visual target, and since the pattern of IR anomalies 
expected from a cluster of thermal vents is also distinc-
tive, we recommend additional searches of existing 
imagery for the characteristic signatures described 
here. 

Once a reasonably extensive search has been con-
ducted for these new classes of target, we can begin to 
understand their surface distribution in terms of the 
tectonics and geologic history of Mars, and prioritize 
areas for future orbital imaging and possible precision 
landers. 
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Figure 1: A steaming fumarole on Mount Erebus with 
a 10m ice-tower precipitated from H2O-rich volcanic 
gas 
 

 
Figure 2: Climbing to the chimney entrance of an ice-
tower. 

 
Figure 3: Inside the grotto below an ice-tower. Note 
the bare, dry rock underfoot and the filtered light. 
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Figure 4: Daytime Odyssey IR image I01047002  in 
Hellas Basin, showing two areas of anomalous emis-
sivity not associated with sun-facing topography. Both 
areas are in full or partial shade, in shallow depres-
sions or on the back-slope of a ridge. 

 
Figure 5: Overlay of nighttime IR image I01228002 
showing “hot” colors associated with 20-40K thermal 
anomalies during day and night over these anomalous 
areas. Elongate anomaly at centre-right is a rock-rich 
crater rim that received a large sunlight budget. In con-
trast, the anomalous areas were in shade during day-
time. 
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TOWARDS A MARTIAN WEATHER SERVICE. H. Houben, Bay Area Environmental Research Institute, Sonoma, CA, USA
(houben@humbabe.arc.nasa.gov).

Motivation

Experience from MGS shows that an orbital sounder tak-
ing nadir and limb measurements can constrain the global
Martian meteorology on a daily basis. Mutually consistent re-
trievals of all significant atmospheric variables can be obtained
— and can be calibrated or validated against independent mea-
surements — using data assimilation techniques. But this can
be an arduous process. The low level data products (e.g., cali-
brated infrared radiances) required as input to the assimilation
process are not immediately available and, as a result, it is
not yet possible to produce timely analyses and forecasts of
Martian weather by these techniques. The growing number
of current and future instruments that will contribute to our
knowledge of the Mars atmospheric system — in addition to
the Thermal Emission Spectrometer which is the major at-
mospheric instrument in orbit around Mars at this time, there
are radio occultations and Horizon Sensor infrared measure-
ments from MGS, broadband (but high spatial resolution) ob-
servations from MO THEMIS, and Mars Express will provide
infrared and UV data from PFS and SPICAM — makes the
problem of collecting all the relevant data even more difficult.
Nevertheless, there are many scientific and operational reasons
why a new approach targeted at producing real-time weather
products is desirable for Mars: to guide scientific observa-
tions of rapidly-varying phenomena (like dust storms on many
scales); to implement adaptive observations that will improve
the scientific return from spacecraft missions; to assist in aer-
obraking or aerocapture operations; to facilitate exploration
by gliders, balloons, and aircraft; to warn surface explorers
of dust storms; to assure the intercomparability of different
instrument datasets; etc. In addition, the ready availability of
such products is bound to inspire a host of new investigations
by scientists and laymen. This paper describes the current
state of the art in Martian weather analysis and forecasting and
steps that will make it possible to produce real-time high-level
meteorological data products (i.e., four dimensional wind, tem-
perature, geopotential, and tracer fields) in the near future.

Requirements

Real-time weather analyses can only be produced by au-
tomatic data processing of raw observational (and calibration)
data. But the automatic processing (results presented here are
based on TES 15 micrometer nadir and limb infrared radiance
observations and were obtained using 4-D variational data as-
similation into a specially designed baroclinic spectral general
circulation model) is very rapid ( � 10 minutes workstation cpu
time per sol) and leads to excellent results: retrievals within
the instrument noise except for pathological cases (see Figure
1), all physically consistent with each other and with the con-

Figure 1: (a) RMS residuals as a function of TES channel
for the direct assimilation of some 200,000 averaged spectra,
in units of erg/cm

�
/s/sr/wavenumber. Results are improved

somewhat (blue curve) when the global average surface pres-
sure of the assimilated fields is increased by 16% over the pre-
calculated model value of 5.6 mbar at

���
= 141 (red curve).

(b) Biases (in the same units) are small (red curve) and can be
further diminished by rescaling the correlated � coefficients
used in the radiative forward model with adjustments on the
order of 1% (blue curve). This is equivalent to making a small
adjustment in the channel center wavenumber. The standard
values for those wavenumbers are 624.27, 634.85, 645.43,
656.01, 666.60, 677.18, 687.76, 698.34, and 708.92, respec-
tively.

straints of the GCM. In addition, the retrievals provide infor-
mation about atmospheric parameters that are only indirectly
observed and (by self-consistency arguments) calibration of
the retrieval process.

The results (which are after all 4-dimensional, global
fields) can be profitably compared with other observations at
any time and place (see Figures 2 and 3). Ideally, all avail-
able data should be included in the assimilation and individual
datasets compared with the full output (which gives a clue to
instrument or retrieval biases). In the Martian case, TES data
so overwhelms other observations as to make this impractical,
but it will be an important and exciting exercise to try to com-
bine TES and MCS observations in this way. Results can also
be used to recreate the original data (generally to within the
instrument noise level). So except for specialized purposes all
that needs to be stored (or distributed to interested scientists) is
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Figure 2: Comparisons of some low latitude radio occultation
profiles (blue with cyan error bars) and assimilated tempera-
ture profiles (red with orange error bars) for the same times
and places.

the model state ( � 47 kBytes per sol in our case) instead of the
spectral data ( � 2 MBytes just for the 15 micrometer band).
The compression of several orders of magnitude is significant;
the observed weather for a whole mission can fit on a CD and
it’s in a form that can readily be compared with scientific mod-
els. In addition, the data can be readily reprocessed by other
techniques. For this purpose, it is desirable that instrument
teams publish their forward models for the benefit of the com-
munity who can use the information to retrieve the original
data from the higher level products and to conduct their own
assimilations, again resulting in a major compression of the
data that must be handled.

With the processing fast and automatic and the compres-
sion significant, why not do the assimilation onboard and only
communicate the high-level results back to Earth? This elim-
inates bottlenecks caused by low bandwidth or reveiver avail-
ability problems. It also makes the data readily available
at Mars where it is most useful. An aerobraking spacecraft
can predict atmospheric densities and decide its own trajec-
tories; a Mars airplane or balloon can choose an altitude for
favorable winds. (It would probably need an orbiter to do
the observations.) Cameras hoping to study dust devils or
clouds (of various types: dust, ice, CO � ) would know where to
point. Astronauts can schedule long EVA’s based on expected
wind conditions. In all of these cases, the decision-making is
straightforward if the data (i.e., the meteorology) are available.

Figure 3: RMS temperature residuals for the comparison of
low latitude radio occultation profiles and assimilated temper-
ature profiles for the same times and places. The comparison
spans 2 occultation seasons, nearly 1000 orbits. This indicates
the expected accuracy of forecasts at arbitrary times of day
based only on TES observations. TES forecasts at the subor-
bital times of 2 AM and 2PM have rms residuals of less than 4
K (based on the assimilation of temperature profiles retrieved
by the TES team).

What developments will enhance this program? To en-
able onboard processing in the face of limited resources, a
fast, sequential algorithm is desirable. With this technique ob-
servations can be thrown away as soon as they are assimilated
and the spacecraft always maintains a current best atmospheric
state. The observational sequence is timed to allow the com-
putations to keep up with the input stream (perhaps taking
advantage of slewing time between nadir and limb, for exam-
ple). Traditional sequential assimilation, which is ultimately
based on the Kalman filter or its extensions, would be quite
compute intensive. However, a new approach promises to
make the technique very fast — and can be readily restarted
whenever this is desirable. It also offers room to account for
model imperfections in the assimilation algorithm. (Details
are given in the appendix.)

The Future

MGS and MOO have provided an excellent testbed for the
methodologies of data assimilation as applied to the Martian
atmosphere. MCS will be in the right time and place to per-
form the rapid turnaround of high-level products. This would
be greatly facilitated if the prospect of data assimilation were
fully integrated into the preparations for this mission, includ-
ing the programming of a forward radiative transfer model, its
linearization, and its adjoint. As stated above, MCS can also
participate in the very exciting mutual assimilation with MGS
which will allow the scientific extension of observations across
both missions. The observations at different times of day will
greatly enhance our understanding of the diurnal variabilities
in the Martian atmosphere. There is no follow on to these mis-
sions now planned. But any future instrument should consider
the value of onboard high-level processing, perhaps optimized
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by hardware transforms of the data. The applicability to the
exploration of other celestial bodies and other extensive NASA
datasets should be obvious.

Appendix: A Fast Sequential Assimilation Algorithm

Data assimilation, like any retrieval procedure, seeks to
minimize the residuals between model and observations given
a set of physical constraints. In terms of operator notation,
we represent the predictive dynamical model by � and the
observation operator (a forward model that projects from a
model’s state into the space of observable variables) by � . A
vector of observations is given as � and the model state control
vector by � . We seek to minimize the cost function

�����	�
 ������������� 
 ������

� �	 
 ������������� �!��� 
 ���"����#�%$ 
 � �
where � is a previously computed model background state, �
is the model forecast error covariance matrix, and � is the
observational error covariance matrix.

To facilitate onboard decision making, it is highly desirable
to have the model state updated for each new datum. This is
also the case when the model is considered imperfect (as they
all are) and correction terms are added to the equations. Since
these corrections are generally (highly variable) functions of
time, it is desirable that they be updated frequently, rather than
computed once per day, for example. The usual solution to this
sequential assimilation problem is the Kalman filter wherein
the model state is continually updated by

�'&(� �*) � � � �*+ 
 �,�-�.�/� 
 	 �
and + � �0�!� � � �21 ���"�3� � � � � �54 ����6 
87 �

The challenge in dealing with the Kalman filter is the need
to propagate the forecast error covariance matrix which for a
model of 9 variables requires 9 model steps per time step.
This is an intriguing problem for a massively parallel computer,
but it is out of the question for an onboard real-time system.

The key to our new methodology is to note that the dif-
ficulty with

+
arises from the fact that that it maps into the

space of model variables (for which we have no direct obser-
vations and so no easy knowledge of error covariances). If, on
the other hand, we consider the operator � + which maps into
the space of observables, there is no computational difficulty
since the new error covariance matrix ���"�!� � � � can be
estimated from the observed residuals (i.e., directly from the
observations). We therefore desire to find

) � from the relation

� ) � � � + 
 �,�:�.�/� 6 
<; �
Of course, � is generally not invertible, so we follow the
least-squares practice of instead inverting

��� � ) � � ����� + 
 �=�-�.�/� 
?> �
or writing @� for �"�!� �
����� ) � � ��� 
 � @�=���A� 1 � @�,��� � �548� � 
 �B���.�/� 6 
8C �

Use of this update procedure reduces the remaining model
residual from �B���.� to � 1 �D@�=� � � �54 ��� 
 �E���.�/� , which
will be quite an improvement if the original residual (as indi-
cated by � @�=� � ) is large. The use of dynamically balanced
variables in the model state control vector would help to limit
the amplitudes of undesired gravity waves.

This mathematics of the new technique strongly resembles
the variational procedure that has been successfully used with
MGS data. It is therefore expected to be fast (<10 seconds
per update on a low-end off-the-shelf processor) and easily
implemented. In fact, the procedure can be extended over
more than one timestep to

� � � � ��� ) � �

�"����� 
 �F@�,����� 1 �G@�,��� � �548��� 
 �=�-���"�/�%$ 
?H �
which allows the assimilation to start up from a sufficiently
large quantity of accumulated data. No a priori knowledge of
the atmospheric state or of the forecast error covariance is ever
required.

It would be further desirable to allow an onboard processor
using this technique to adjust the assimilation timestep and the
observation sequencing for best results. All this can be tuned
depending on the observed residuals.
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Introduction:  Level, bench-like platforms in the 

interior of the Gorgonum Chaos basin appear to be 
shorelines associated with an ancient lake.  These 
shorelines, however, seem to lack the typical features 
of shorelines associated with wave and current trans-
port and erosion, such as crescentic embayments, spits, 
barrier islands, and wave-cut cliffs.  Rather, the lake-
facing platform edges are commonly rounded and cu-
mulate in planform, often evenly encircling presumed 
islands.  We interpret these shorelines to have been 
formed by outward growth in a quiescent environment, 
possibly in ice-covered bodies of water and possibly, in 
part, as chemical precipitates. 

Gorgonum Chaos:  The Gorgonum Chaos basin is 
an ancient, highly degraded 220-km diameter basin 
centered at about 37ºS and 173ºW.  The basin itself 
lacks a well-defined rim, and probably was created 
through erosional integration of at least three impact 
basins that were subsequently mantled by thick airfall 
deposits during or prior to the earliest Noachian [1,2].  
This basin, together with the nearby Atlantis, Newton, 
and Ariadnes basins have been suggested to have 
hosted deep lakes during part or most of the Noahian 
[3], and it has been suggested that at least once the 
lakes were deep enough to have formed an integrated 
basin overflowing to form Ma’adim Valles [4]. The 
edges of these basins exhibit linear features that have 
been interpreted as possible shorelines [3].  The pre-
sent abstract focuses, however, on bench-like features 
at the bottom of the Gorgonum Chaos basin that appear 
to have been formed in association with a post-
Noachian lake.  The Gorgonum Basin is shown in Fig-
ure 1, with the general location of the post-Noachian 
lake outlined in cyan. 

 
Fig. 1.  Perspective view of the Gorgonum basin, 

looking north. 

The center of the concave basin is partially occu-
pied by the knobby “chaos”.  These are generally flat-
topped mesas that appear at one time to have been a 
continuous deposit that has been dissected into isolated 
mesas along linear trends.  We have interpreted such 
deposits in this and other basins in the region to be 
lake-related deposits, possibly evaporates that have 
been partially dissolved [5].  These deposits were em-
placed and eroded prior to the features discussed here. 

Shoreline Features:  The center of Gorgonum ba-
sin is relatively free of chaos knobs (Fig. 1) and is a 
relatively level plain at an elevation of about -350 to -
400 m.  This central depression is ringed by benches 
that rise abruptly to an elevation of about -300 to -310 
m (Fig. 2). 

 
Fig. 2.  Part of the Gorgonum basin floor showing 

flat-topped mesas (see arrows).  The image is ap-
proximately 18 km from edge to edge.  A portion of 
Themis VIS image V01904003. 

These the tops of these benches are very flat and 
accordant across more than 90 km of basin floor (ar-
rows in Fig. 3).  This flatness and accordance is the 
primary evidence for the deposit being associated with 
a paleo lake. 
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Fig. 3.  Profile through the center of Gorgonum 

Basin, showing accordant, flat-topped benches (ar-
rows).  The higher projections are remnant mesas of 
the “chaos” deposit. The elevation range is -50 to -
450 m, and the distance from -60 to 60 km. 

The planform shape of the benches is unusual in 
several respects.  The first is that the scarp edge is very 
irregular, with numerous islands, broad holes, and long 
reentrants and projections (Fig. 4).  The second charac-
teristic is the detailed shape of the scarp edge, which 
generally displays rounded edges, and where sharp 
beds occur, they generally are on inside rather than 
exterior bends. Planforms associated with erosional 
retreat of scarp edges generally have sharp projections 
and broad, shallow reentrants, whereas surfaces and 
scarps characterized by outward growth show rounded 
projections and sharp bends in the interior of  reen-
trants [6], although some erosional scarps associated 
with landslides also exhibit this pattern. 

 
Fig. 4.  A detail from Figure 2.  The image is ap-

proximately 7 km from edge to edge. 
 Origin of the benches and scarps.  The extreme 

degree of flatness and levelness of the benches suggests 
very strong gravitational control across as much as 100 
km.  An association with a ponded body of water is the 

most likely explanation.  Depositon or erosion in asso-
ciation with eolian, volcanic, or groundwater processes 
are unlikely to exhibit so strong a gravitational control.  
A number of lacustrine scenarios have been investi-
gated to explain the features of these benches. 

1.  The benches are constructional features associ-
ated with open water and shoreline processes assocated 
with waves and currents.  The bench planform shows 
little similarity to typical open-water lake deposits.  
Waves tend to preferentially erode headlands and cre-
ate a relatively smooth shoreline that often features 
barrier islands, spits, and offshore bars. Shorelines are 
generally concave between headlands due to wave re-
fraction.  These patterns are inconsistent with the ob-
served scarp planform, and no evidence was found for 
the morphological and depositional features associated 
with open-water shorelines.  Another difficulty with the 
open-water, wave-dominated scenario is a suitable 
source of sediment for constructing the benches.  The 
extreme levelness of the benches and the lack of fluvial 
imprint makes it difficult to imagine a mechanism for 
transport of sediment across several kilometers of level 
bench top. 

2.  The benches are erosional features associated 
with retreat  of formerly more extensive deposits.  If 
the erosion was by waves and currents, then the same 
objections occur as for the previous scenario.  No flu-
vial overprinting is seen.  If erosion was by mass wast-
ing, extensive deposits should be found on the basin 
floor immediately adjacent to the scarps, and for the 
extensive retreat necessary for forming the observed 
scarp planform, some mechanism for removal of the 
eroded sediment would have to be identified. 

3.  The benches are constructional features associ-
ated with sediment deposition in  still water.  The 
rounded scarp planform suggests a depositional origin 
of the benches. Still water might occur, for example, 
beneath a frozen ice cover.  The greatest difficulty for 
this scenario is accounting for the supply of sediment 
from the outer edge of the platform to the growing 
edge of the scarp.  This would presumably have to oc-
cur at the base of the ice cover by unknown mecha-
nisms.  Finding a source of sediment for lake in a fro-
zen landscape is not obvious.  Possibly eolian deposi-
tion on the lake surface and its transferal through the 
ice could account for the sediment. 

4.    The benches are constructional features associ-
ated with chemical deposition.  Deposition of salts 
from solution might be an alternative mechanism for 
outward growth of the benches, either in open water or 
beneath an ice cover (presumably very slowly due to 
slow sublimation rates of ice).  Because the deposits 
occur at the bottom of a deep basin, supply of salts by 
groundwater is a possiblility. 
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5.  The benches are subsidence features due to re-
moval of underlying deposits by solution or melting.  
Presumably the original surface would have been 
formed by lacustrine processes due to its levelness.  
Although this remains a possibility, few features char-
acteristic of collapse have been noted.  Scarp edges are 
smooth and abrupt, with no tensional cracks or arcuate 
scars. 

   
References: [1] Frey, H. V. et al., GRL 

29(10),10.1029/2001GL013832 (2002). [2] Howard, 
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A.D., Geomorphology of Desert Environments (Abra-
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Motivation: Long standing theoretical predictions 

[1-3], as well as recent spacecraft observations [4] 
indicate that large quantities of ice is present in the 
high latitudes upper decimeters to meters of the Mar-
tian regolith.  At shallower depths and warmer loca-
tions small amounts of H2O, either adsorbed or free, 
may be present transiently.  An understanding of the 
evolution of water based on theoretical and experimen-
tal considerations of the processes operating at the 
Martian environment is required. 

In particular, the porosity, diffusivity, and perme-
ability of soils and their effect on water vapor transport 
under Mars-like conditions have been estimated, but 
experimental validation of such models is lacking.   

Goal: Three related mechanisms may affect water 
transport in the upper Martian regolith.  1) diffusion 
along a concentration gradient under isobaric condi-
tions, 2) diffusion along a thermal gradient, which may 
give rise to a concentration gradient as ice sublimes or 
molecules desorb from the regolith, and 3) hydraulic 
flow, or mass motion in response to a pressure gradi-
ent.  Our combined theoretical and experimental inves-
tigation seeks to disentangle these mechanisms and 
determine which process(es) are dominant in the upper 
regolith over various timescales.  

A detailed one-dimensional model of the upper re-
golith is being created which incorporates water ad-
sorption/desorption, condensation, porosity, diffusiv-
ity, and permeability effects.  Certain factors such as 
diffusivity are difficult to determine theoretically due 
to the wide range of intrinsic grain properties such as 
particle sizes, shapes, packing densities, and emergent 
properties such as tortuosity.  An experiment is being 
designed which will allow us to more accurately de-
termine diffusivity, permeability, and water desorption 
isotherms for regolith simulants. 

Background:  Ball et al [5] highlight the important 
distinction between gas diffusion and hydraulic flow.  
Gas diffuses along a concentration gradient but flows 
along a pressure gradient.   

Diffusion is governed by Fick’s Law: 
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−=  (1) 

where JD is the flux in moles/sec, D is the diffusion 
coefficient m2/sec, c is the concentration in moles/m3, 
and A is area.  Hence the concentration obeys the dif-
fusion equation: 
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Laminar flow in response to a pressure gradient is 
given by Darcy’s Law: 

   A
x
hkq hh ∂
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where qh is the flux in m3/sec, kh is the hydraulic con-
ductivity (m/s), h is the hydraulic head (m).  This can 
be rewritten as 

         
dx
dpKQ

η
−=   (4) 

where Q is in m/s, K is the permeability (cm2), η is the 
dynamic viscosity (g/cm•s), and dp/dx is the pressure 
gradient.   

These processes may be difficult to distinguish, 
even in a controlled laboratory setting.  An evolution 
of water vapor from ice (free or adsorbed) within a soil 
will produce a local elevation in PH2O.  This will drive 
both diffusion to the dry atmosphere and flow to an 
area of lower pressure.  

Clifford and Hillel  [6] considered Knudsen diffu-
sion as an important mechanism for flow through po-
rous media on Mars, where the mean free path (~ 
10µm) falls in the middle of the estimated pore-size 
distribution for fine-grained soils.  (1 to 100µm).   
Their models, based on a subliming layer of ice buried 
beneath 1 m of soil and a dry atmosphere, found that 
gaseous transport in the Knudsen regime occurred 
preferentially within the larger pores of a given pore 
size distribution.   

In addition to the above, general studies of flow 
through porous media have shown that flow velocity is 
proportional to the porosity and the square of the parti-
cle size, thereby making the flow rate proportional to 
the fourth power of particle size [7-8]. 

Thus, if there is a desiccated layer of fine-grained 
soil above the ice-bearing layer, its low permeability 
may permit the development of local pressure gradi-
ents that overwhelm diffusion processes, particularly if 
the evolution of water vapor is rapid. One goal of this 
investigation is to determine if internal pore-space 
pressures built up under a permeability barrier may 
develop quickly enough to overcome soil cohesion 
forces and disturb the surface of the soil in some form 
of geyser.  If it proves to be the case that these phe-
nomena can occur for reasonable Martian soils and T,P 
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conditions, they may provide a trigger for the forma-
tion of surficial geomorphic features known as slope-
streak as suggested by Schorghofer et al [9].  

The role of thermal vapor diffusion has been con-
sidered by Clifford [10], though his work was con-
cerned more with geothermal-scale gradients, rather 
than near surface temperature profiles which vary on 
seasonal or diurnal timescales. 

Materials: To model the upper Martian regolith, 
several potential soils and soil simulants are being 
considered.  JSC Mars-1 can be crushed so as to simu-
late a fine dust with particles from 50  µm to sub-
micron size.  Sieving will allow the attainment of par-
ticular size bins with the smallest attainable being 
~10µm and below.  Also available are Carbondale red 
clay, and Xerox toner, both of which have been used 
in some Martian wind tunnel experiments [11-12].  
Spheres of pure silica in the 10 to 40 mm range may 
also be used for experiments which eliminate the vari-
ables of grain surface morphology and composition.   

Initial experiments will concentrate a single soil 
type, JSC-1.  The first steps in characterizing soil sam-
ples of various particle size distributions has already 
begun.   

Experimental Design: The Extraterrestrial Materi-
als Simulation Laboratory at JPL is particularly suited 
to studying the behavior of Martian soil simulants in 
appropriate environmental conditions (Figure 1,2).  
Experiments will be performed in a large stainless steel 
vacuum chamber equipped with thermal control and 
gas feed-throughs, a cryo-shroud, and diaphragm 
pump for the maintenance of Mars-like conditions and 
atmosphere.  A solar simulator mounted outside the 
chamber can be adjusted to produce incident radiation 
energies equivalent to any latitude and season on 
Mars.   

Thoroughly dried soil will be introduced into the 
chamber and allowed to equilibrate with a known 
amount of water.  The soil will then be frozen to ~ 
240K.  The soil will warm up in a controlled fashion 
from 240K to 275K. Total chamber pressure and par-
tial pressure of water will be monitored throughout the 
course of an experiment, as well as soil water content 
and temperature.   

Initial experiments will permit the determination of 
desorption isotherms.  A second phase of the experi-
ment will use a capillary tube to simulate a diffusion 
and hydraulic flow barrier. 

References: [1] Farmer, C.B. (1976), Icarus, 28, 
279-289.  [2] Paige D.A., Nature, 356(6364), 43-45. 
[3] Mellon, M. T., and Jakosky, B.M, JGR, 100(E6), 
11,781-11,799  [4] Boynton, W.V. et al, (2002), Sci-
ence, 297(5578), 81-85 [5] Ball, B.C et al. (1981), J. 
Soil Science, 32, 323-333.  [6]  Clifford, S. M., Hillel, 

D., (1986) Knudsen Diffusion, J. Soil Science, 41(4), 
289-297.  [7] Carman, P.C., Flow of Gases Through 
Porous Media. Academic Press, New York. 1956.  [8] 
De Wiest, R. J.M., Flow Through Porous Media. Aca-
demic Press, New York 1969. [9] Schorghofer, N. et 
al. (2002), 29(23), 2126. [10] Clifford, S. M. (1991) 
GRL, 18, (11), 2055-2058. [11] Greeley, R. et al, 
(2000), Planetary & Space Science, 48, 1349-1355. 
[12] Greeley, R. (2002), Planetary & Space Science, 
50, 151-155.   

 
Figure 1: Schematic drawing indicating the experi-
mental components including (A) vacuum chamber, 
(B) cryo-shroud, (C) sample container, (D) dust + ice 
mixture, (E) pumps, (F) solar simulation lamp, (G) 
mass spectrometer, (H) dew point hygrometer, (J) 
thermal and electrical conductivity probes, (K) camera 
(L) temperature, and (M) pressure sensors. 

 

 
Figure 2: Cryo-shrouded vacuum chamber located the 
JPL’s Extraterrestrial Material Simulation Laboratory. 
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Introduction: The driving question behind 

NASA's Mars exploration program is whether or not 
life was, is, or could be sustained on our neighbor 
planet.  In order to answer that question, we must be 
informed about the nature of the Martian environment 
both in the past, and at the present day.  The soils at 
the Martian surface (for this project, broadly defined 
as the fine, windblown materials analyzed at the Vi-
king and Pathfinder landing sites) hold clues to Mar-
tian environmental history, as they may represent the 
product of interactions between the basaltic Martian 
crust and liquid water.  Unraveling the mechanism(s) 
by which this globally homogeneous soil blanket 
formed may reveal a great deal about zones where 
liquid water once was (and possibly still is) stable on 
Mars. 

The Hydrothermal Soil Formation Mechanism: 
The Martian surface shows evidence of extensive vol-
canic and impact magmatic activity coupled with 
abundant water in surface and sub-surface environ-
ments from the Noachian Period (4.5-3.8 Ga) to the 
very recent geologic past.  Interpretations of observa-
tional evidence suggest that hydrothermal systems 
have been active on Mars throughout the planet’s geo-
logic history, and a variety of surface features have 
been attributed to the interaction of magmatic and im-
pact heat sources with volatile-rich Martian crustal 
materials.  Some examples of such features include 
outflow channels and valley systems [1-3], highland 
paterae [4], lobate impact ejecta [5], and fretted ter-
ranes [6].   

A number of the geomorphologic observations at-
tributed to hydrothermally driven modification of the 
Martian surface are drainage features (e.g., outflow 
channels, valley networks).  Presumably, the associa-
tion with such features provides a mechanism for re-
moving hydrothermal mineral deposits from the sub-
surface environment, and incorporating them into the 
Martian surficial deposits by fluvial and/or aeolian 
processing.  Alteration minerals generated within the 
confines of a crater lake overlying an active hydro-
thermal system may be redistributed by mass flow or 
fluvial processes, consistent with the observation that 
numerous outflow channels and fluvial valleys in the 
Martian southern highlands originate in dry crater lake 
beds [7]. 

Such observations have led a number of authors to 
propose that hydrothermal alteration of the Martian 
crust may have been partially or wholly responsible for 

the production of the chemically and mineralogically 
unique soil deposits observed on the Martian surface. 
[8-10].  Unfortunately, the secondary mineral phases 
that might be formed via alteration of Martian crust in 
the hydrothermal environment remain largely uncon-
strained from an experimental standpoint.  The few 
relevant experimental hydrothermal studies published 
to date have emphasized the conditions of formation of 
alteration minerals observed in the Shergottite-
Nahklite-Chassigny (SNC) class of meteorites [11-13].  
Given the exceedingly small volume of the observed 
alteration mineralogy, and the shock-related thermal 
history of these meteorites, there remains considerable 
doubt as to how much can be inferred about bulk Mar-
tian soil properties from these unique samples [14]. 

Therefore, an experimental program designed to 
simulate a wide range of relevant Martian hydrother-
mal conditions is being conducted in order to constrain 
the importance of hydrothermal processing as a source 
of soil minerals on Mars.  Such data will also enable us 
to place hydrothermal systems into the broader context 
of Mars exploration by constraining many of the im-
portant secondary phases that might be expected to 
form in the vicinity of a hydrothermal system on Mars.  
This will provide a valuable database of hydrothermal 
mineral phases that can then be utilized to interpret 
remote sensing data in the search for extant hydro-
thermal systems.  These areas form obvious candidate 
landing sites in the search for potential exobiological 
habitats on Mars. 

Hydrothermal Processes on Mars - Constraints 
on Fluid Chemistry: A theme common to Martian 
soil formation models is that they often call upon al-
teration resulting from interaction with an acidic fluid 
rich in aqueous sulfate species and chloride in order to 
explain the anomalously high SO3 and Cl content of 
the Mars soil [15, 16].  It is expected that Martian vol-
canic gas emanations should be dominated by SO2 [17, 
18], and consequently, acidic H2SO4 and HCl bearing 
fluids might be expected to dominate Martian hydro-
thermal system fluid chemistry [19]. 

Soils analyzed at the Pathfinder and Viking Lander 
sites are enriched in sulfur and chlorine, with an aver-
age molar S: Cl ratio of 6.2 [20, 21].  If these charac-
teristics are a relict feature of an evaporated or sub-
limed fluid, then that fluid was likely to have resem-
bled acid-sulfate or sulfate-chloride type water, as 
shown on Figure 1.  In terrestrial hydrothermal sys-
tems, such fluids are ubiquitous in the shallow epi-
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thermal environment (50 - 200oC, < 1 km depth) over-
lying a deeper, active hydrothermal system [22, 23].  

Reaction with such fluids in the near-surface envi-
ronment can result in intense (advanced argillic) altera-
tion of the host-rock.  Fluids are consequently enriched 
in dissolved metal cations, and friable, easily eroded, 
silica-rich residues are left behind [24]. 

 
 
 
 
 
 

Hydrothermal Processes on Mars - Constraints 
on Host-Rock Composition: The nature of the host-
rock in Martian hydrothermal systems will vary de-
pending on local geology, but overall, should reflect 
the average composition of the Martian crust.  No con-
sensus has yet been reached on exactly what this “av-
erage” composition might be, but the Martian crust is 
known to be dominantly basaltic in character, with 
multiple lines of evidence supporting this fact [25-27]. 

Chemically, Martian basalt differs from common 
terrestrial mid-ocean ridge type basalt in having a 
higher iron content (up to ~20 weight % FeOT), and 
lower magnesium, titanium and aluminum content 
[26].  In Table 1 the major element compositions of 
Icelandic, Columbia River and the Los Angeles mete-
orite basalts are compared in order to illustrate the 
differences in composition between common terrestrial 
basalts and Martian basalt.  The unique chemical 
composition of Martian basalt results in a similarly 
unique assemblage of primary mineral phases 
characterized by a high modal abundance of pyroxene 
relative to plagioclase; a direct consequence of low 
aluminum content. A CIPW norm calculation further 
illustrates large relative differences in calculated 
mineralogy (Table 1).  

TABLE 1 
Oxides IB CRB LA 

SiO2 47.1 47.1 49.1 
TiO2 1.66 3.65 1.30 

Al2O3 14.9 12.4 11.2 
Fe2O3 4.08 0.36 1.95 

FeO 7.20 17.3 19.5 
MnO 0.17 0.32 0.45 
MgO 8.52 4.38 3.53 
CaO 11.5 8.8 10.0 

Na2O 2.24 2.43 2.22 
K2O 0.20 1.39 0.24 

P2O5 0.18 1.58 0.66 
Total 97.7 99.7 100.1 

 
TABLE 1 (Continued) 

CIPW Norm* IB CRB LA 
Ilmenite 3.15 6.93 2.47 
Apatite 0.43 3.74 1.56 

Orthoclase 1.18 8.21 1.42 
Albite 19.0 20.6 18.8 

Anorthite 29.9 18.7 19.9 
Magnetite 5.92 0.52 2.83 

Diopside 20.7 12.6 21.7 
Hypersthene 14.1 22.4 30.4 

Olivine 3.34 6.11 1.06 
Total 97.7 99.8 100.1 

 
 
 
 

 
Testing the Hydrothermal Soil Formation 

Mechanism: The differences in mineralogical and 
chemical composition between common terrestrial 
basalts and Martian basalts will have a profound effect 
on the alteration products produced during the course 
of experimentation [28, 29].  Therefore, our experi-
mental approach stresses the use of synthetic Martian 
compositions as host-rocks for our hydrothermal al-
teration experiments.  We have gone to great lengths to 
design a set of hydrothermal reactors that can accom-
modate the small amounts of sample (~100-500 mg) 
produced in the synthesis process.  Details of the basalt 
synthesis procedures, as well as hydrothermal appara-
tus design can be found in Tosca et al. [30]. 

Results: Utilizing the methods outlined in Hurowitz 
et al. [31], we are currently performing experiments 
that simulate the epithermal alteration of a synthetic 
Los Angeles basalt composition by a sulfate-chloride 
type fluid at T=75oC. The fluid being utilized (0.12M 
H2SO4, 0.023M HCl, pH=1) is modeled after those 
affected by interaction with primary magmatic vapors, 
such as crater lake fluids [32].  Initial results confirm 
the notion that host-rock composition does indeed af-
fect the evolution of effluent fluid compositions, and 
the composition of residual solids analyzed at experi-
ment completion. 

Figure 1: Ternary diagram of molar SO4
2-, Cl- and HCO3- 

used to distinguish between common hydrothermal fluid 
types.  V and P symbols refer to average Viking and Path-
finder soil analyses, respectively.  After [22]. 

Table 1: IB = Iceland Basalt, data from [28].  CRB = Colum-
bia River Basalt, data from [11].  LA = Los Angeles Meteorite 
Stone 1, data from [38].  *Calculated (not actual) mineralogy. 
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To date, experiments indicate that at the high wa-
ter-rock ratio conditions that were simulated (WR ≈ 
1500), the plagioclase and titanomagnetite present in 
the synthetic Los Angeles basalt composition are 
highly susceptible to acid attack relative to clinopyrox-
ene.  Altered plagioclase grains observed and analyzed 
by scanning electron microscopy and energy disper-
sive X-ray spectroscopy indicate a residual solid 
highly depleted in Ca, Na and Al, and enriched in Si.  
Titanomagnetite grains have been entirely dissolved 
from the samples studied.  Clinopyroxene grains, on 
the other hand, appear to have been minimally affected 
by the dissolution process.  As a result, the altered ba-
salt is enriched in both a Si-rich residue and relatively 
unaltered clinopyroxene grains.  Fluid chemical analy-
ses performed by DC-plasma argon emission spectros-
copy confirm the influence of plagioclase and ti-
tanomagnetite dissolution on the concentration of dis-
solved cations in effluent samples. 

Discussion: The large differences in apparent dis-
solution rate of plagioclase and pyroxene are some-
what surprising in light of mineral dissolution studies 
that indicate a close correspondence in dissolution 
rates for plagioclase and clinopyroxene compositions 
similar to those in the synthetic Los Angeles basalt of 
our experiments [33, 34].  As a result of this resis-
tance, Mg and Fe, and to a lesser degree Ca, are re-
tained in the residual clinopyroxene.  Further alteration 
is expected to deplete clinopyroxene of Ca, followed 
by Fe and Mg [19]. 

Ultimately, the experimental conditions discussed 
above may provide a means to produce fluids enriched 
in Mg, Fe, H4SiO4, SO4

2- and Cl-, which could form 
Mg-Fe sulfate minerals and amorphous silica upon 
evaporation.  These phases have all been proposed as 
candidate minerals in the Martian soils [35-37].  
Longer term experiments are currently being con-
ducted to confirm this hypothesis.  Alternatively, the 
residual materials themselves might be eroded and 
incorporated into the Martian soils without further 
chemical modification, a possibility that has not been 
considered in previous published research 

It is also noted that at the low pH conditions under 
consideration in these experiments, aqueous Fe is pre-
sent in the ferrous state and will not precipitate as an 
oxide phase without an increase in fluid Eh and/or pH.  
Iron-oxide minerals are of obvious importance in the 
Martian soils, and hydrothermal alteration of synthetic 
Los Angeles basalt under these experimental condi-
tions is unlikely to produce such secondary iron-oxide 
minerals.  This is a problem that will be addressed in 
upcoming experiments, which will be run utilizing a 
starting fluid composition modeled after less aggres-

sive terrestrial sulfate-chloride waters having pH be-
tween 2-5. 

Implications for the Hydrothermal Soil Forma-
tion Mechanism:  From the preceding discussion it is 
clear that there is ample observational evidence to 
suggest that hydrothermal systems have played a 
significant role in the hydrologic cycle on Mars.  The 
use of synthetic Martian host-rock materials, combined 
with an experimental protocol designed to simulate a 
range of plausible Martian hydrothermal conditions 
represents an important step towards evaluating the 
viability of the hydrothermal soil formation mecha-
nism on Mars. 

This is particularly true in the epithermal environ-
ment under consideration, characterized by the circula-
tion of chemically aggressive fluids and resulting in 
advanced dissolution as a result of interaction with an 
unaltered host-rock material.  The nature of both fluid 
and residual solid composition in these environments 
will be affected primarily by the composition of the 
starting mineral phases involved, and so choice of an 
appropriate starting material is crucial to understand-
ing the nature of secondary precipitates and residues 
formed by hydrothermal alteration processes on Mars. 
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Introduction:  Most studies of martian erosion 

have focused on crater statistics, aeolian landforms and 
deposits, and valley network morphology.  Previous 
workers have noted that the martian crater population 
is deficient in craters less than ~30 km in diameter, 
presumably due to erosion [1], and that ancient martian 
craters were subjected to different erosional processes 
than craters on airless bodies [2].  The martian record 
of craters that are visible in imaging is also deficient 
between 150-300 km diameter relative to the Moon [1], 
although many highly degraded or buried craters in this 
size range are now visible in Mars Orbiter Laser Al-
timeter (MOLA) topography [3] (Fig. 1).  Extensive 
regions of the martian surface have been resurfaced by 
airfall deposits [4-7], although some areas retain 20-50 
m deep valley networks and other small scale Noachian 
landforms [8].  Martian valley networks have a similar 
appearance to some terrestrial arid-zone counterparts.   
However, martian drainage densities are spatially vari-
able and can be quite low [9], appearing highest on 
crater walls and other steeply sloping terrain [8]. 

MOLA topography and Viking Orbiter imaging 
also show numerous remnant highland massifs, with 
hundreds of meters of vertical relief and relatively 
steep sides (Fig. 1).  These features and the degraded 
impact basins collectively suggest that the extant mar-
tian valley networks and impact craters represent only a 
small fraction of the total erosion and deposition that 
has affected the martian highlands.  Here we describe 
evidence that martian highland erosion was accom-
plished by multiple generations of valley networks, 
which were disrupted and buried by cratering, airfall 
deposition, and basin infilling.  This interpretation rec-
onciles observations of extensively eroded terrain with 
the limited development of valley networks. 

Extensive fluvial erosion:  Observations of valley 
networks in the Terra Cimmeria/Terra Sirenum con-
strain our understanding of erosional processes: 
1) Erosional processes could be focused at specific 

locations, rather than representing ubiquitous de-
lamination or burial.  Crater rims are landforms 
with known original geometries, and are often 
widely breached on the side that is downslope rela-
tive to pre-crater topography [8] (Fig. 1).  This 
suggests that crater degradation was accomplished 
by a through-flowing fluid rather than by a process 
local to the crater. 

2) Slopes on the order of ~1° magnitude controlled 
the erosional processes, such that sediments were 
transported down these slopes from elevated areas 
and deposited on basin floors.  It is unlikely that 
aeolian erosion would deeply mantle only basin 
floors without ramping onto this gently sloping 
dissected terrain.  Neighboring basin floors com-
monly do not occupy similar levels, as might be 
expected for equipotential volcanic flooding [8]. 

3) Ancient impact basins hundreds of km in diameter 
were significantly modified, which requires a 
through-flowing transport medium that is much 
more voluminous than the transported materials.  
A parent rock cannot be transported in its entirety 
by interstitial water, unless the material is largely 
ice-supported with intermixed sediments. 

4) Erosional processes resulted in gradation or plana-
tion of the landscape without generating collateral 
constructional features, such that impact craters 
were degraded, filled, sometimes exhumed, and ul-
timately removed from the surface record [1].  
These processes created the gently sloping “inter-
crater plains,” which appear unrelated to volcanic 
constructs. 

These observations probably require fluvial erosion 
as the dominant process during the interval when ex-
tensive erosion was taking place.  The Noachian period 
on Mars may have been ~800 Ma long [10], so ample 
time was available for the observed erosion, even if a 
relatively arid climate (by terrestrial standards) pre-
vailed. 

Burial and disruption of ancient valleys:  Is the 
limited extent and discontinuous nature of the martian 
valleys the result of precipitation on the surface and 
later disruption, or of groundwater emerging along 
subsurface channels?  While the answer to this ques-
tion has severe climatic inferences, the high resolution  
geologic record that is now available seems to favor 
the first hypothesis.  Valley networks on Mars have 
variable drainage densities, and although some drain-
age basins are dissected by valleys to the full extent of 
the drainage basin, this may not be the case in all re-
gions.  The extensive degradation of Noachian impact 
craters and other high-standing terrain is ubiquitous 
throughout the highlands, however.  Basin deposits are 
similarly widespread, although they are of discrete size 
and separated by dissected terrains.   
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As valley network activity was concentrated during 
the period of heavy meteorite bombardment [2,8,11], 
one important process affecting valley networks may 
have been cratering (Fig. 2).  In analysis of drainage 
basin topography in two study areas in Terra Cimmeria 
and Terra Sirenum, covering ~5 million km2 total, we 
have identified craters that disrupted older through-
flowing watersheds [8, in prep.].  These older drainage 
basins, defined topographically, are dissimilar in form 
to lunar cratered terrain or martian volcanic regions.  In 
some cases, drainage basins were re-integrated by in-
filling of the basin by sediment (Fig. 2), ponding of 
water and overflow of the basin divide, or headward 
growth of groundwater-fed valleys [8].  The resulting 
re-integrated valley networks, as well as any networks 
forming atop the crater or its ejecta, indicate a second 
stage of fluvial dissection despite occupying part of an 
older drainage basin.  This observation and the occur-
rence of craters at variable states of degradation sug-
gest that valley networks were continually forming and 
being destroyed by the cratering process. 

Over the longer term, sediment would ultimately be 
transported to the larger depositional impact basins, 
despite temporary impounding behind crater-related 
obstructions.  This deposition of extensive plains mate-
rials would be expected to bury or aggrade the floors of 
valley networks that provided the sediment, providing 
a second loss mechanism. 

A third possibility is that episodes of airfall deposi-
tion buried valley networks, as suggested by some 
workers for the Arabia Terra and mid-latitude Terra 
Sirenum regions on Mars [4,5], as well as parts of the 
dichotomy boundary [7].  Airfall deposits appear most 
concentrated in low-standing cratered terrain or at 
middle to high latitudes, where they can be meters to 
kilometers thick.  

Multiple generations of valley networks:  Our 
observations of martian highland drainage basins sug-
gest that multiple episodes of fluvial erosion occurred 
in the Terra Cimmeria/Terra Sirenum region.  The first 
generation of valley networks was responsible for the 
extensive degradation of highland impact basins, re-
moval of small craters from the surface record, grada-
tion of formerly steep slopes, and formation of wide 
breaches in formerly continuous drainage divides.  Al-
though we refer to this erosion as a single generation of 
networks, the development of that ancient landscape 
was the result of a continuous process of erosion, dis-
ruption, and re-integration of drainage basins.  These 
networks were continually being disrupted by impact 
cratering globally, as well as spatially and temporally 
variable contributions from airfall and basin deposi-
tion.  The second generation of valleys are evident over 

much of the Noachian highlands, but are spatially more 
limited than earlier valley networks.  These valleys 
have been degraded by aeolian activity, mass wasting, 
and impact gardening, but remain visible.  A third gen-
eration of flow features is of recent origin and of very 
limited extent, including fresh-appearing intra-crater 
and intercrater gullies [12]. 
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Figure 1.  MOLA contour map (100 m interval, 60 

cells/degree) of a region in Terra Cimmeria, bounded 
by 161°E, 173°E, 20°S, and 26°S.  The area has been 
deeply eroded, particularly along its northern margin, 
where valley network development is extensive.  Rem-
nant massifs (M), highly 
degraded impact basins 
(IB), impact craters with 
wide breaches in the rim 
(BC), degraded craters 
(DC), and fresh craters 
(FC) are labeled as exam-
ples.  This extensive ero-
sion of large craters repre-
sents the earliest stage of 
fluvial erosion and grada-
tion on Mars. 

 
Figure 2.  Viking Or-

biter MDIM of the north-
western corner of the area 
shown in Figure 1.  Valley 
networks flowing to the 
northwest (white arrow) are 
part of the Al-Qahira Vallis 
drainage basin.  These net-
works have been disrupted 
by fresh craters and their 
ejecta, as valley networks 
were probably disrupted 
during heavy bombard-
ment.  If flows continued, 
these valleys would reor-

ganize to accommodate the new obstacles to flow.  A 
highly degraded impact basin floor drained into a su-
perposed degraded crater floor (black arrow).  The 
headward growth of this valley is an example of the re-
integration of drainage basins after divides were 
eroded.   
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Introduction:  The origin of 

fretted and knobby terrain on 
Mars has remained uncertain since 
the landforms were first described 
by Sharp in 1973 [1].  Subsequent 
studies have focused primarily on 
the fretted terrain in northern Ara-
bia Terra, where investigators 
generally agree that ground ice has 
been important in modifying 
knobs and fretted valleys [2-5].  
The initial processes isolating 
mesas from the high-standing ter-
rain are less certain.  Some fretted 
channels exhibit characteristics 
that suggest origin by fluvial ero-
sion, despite their poorly devel-
oped drainage networks [5].  Other proposed mecha-
nisms include crustal extension and structural control 
of groundwater sapping [6]. 

Situated near the martian equator at the crustal di-
chotomy boundary, Aeolis Mensae (Fig. 1) provides a 
pristine example of fretted terrain development without 
the younger landforms attributed to ice.  We  examined 
an area bounded by 10°S, 0°N, 130°E, and 150°E, ad-
jacent to the cratered and dissected area described by 
Irwin and Howard [7].  Here we present evidence for a 
compositional difference between the Aeolis Mensae 
and the adjacent highland crust, and we discuss the 
interaction of fluvial valley networks with the dichot-
omy boundary in this region.  Our observations indi-
cate that Aeolis Mensae fretted terrain developed in a 
thick sedimentary deposit.  Sedimentary layers were  
emplaced and eroded as fluvial activity declined, with 
minimal influence from highland valley networks. 

Distinguishing highland bedrock from sedimen-
tary deposits:  The extensive degradation of Aeolis 
Mensae relative to the adjacent cratered highlands, 
where 20–50 m deep valley networks are preserved [7], 
suggests either that the mensae are composed of differ-
ent materials than the highland crust, or that geomor-
phic proceses were concentrated along the dichotomy 
boundary [1].  Malin and Edgett [8] describe criteria 
for distinguishing sedimentary deposits on Mars from 
highland bedrock.  These criteria include step-like ex-
posures of horizontal sedimentary layers, fluting or 
yardangs, and an absence of boulders in talus slopes. 

Fig. 1.  South-facing Mars Orbiter Laser Altimeter 
perspective view of the study area in Aeolis Mensae, 

bounded by 0°N, 10°S, 130°E, and 150°E, 1185 km 
across.  The fretted terrain mesa materials appear to be 
emplaced at a higher topographic level than the termini 
of wide valleys.  Gale crater (right-center) contains 
thick sediments, higher than the crater rim, that may be 
of similar origin to layers in the fretted unit.  Locations 
of Figs. 2 and 3 are indicated by arrows. 

 
Where thick sequences occur, a massive (or perhaps 
layered at sub-meter resolution) deposit overlies the 
thinner stair-stepped sequences.  Mars Orbiter Camera 
(MOC) images suggest that knobs in Aeolis Mensae 
include the same stratigraphy and landforms as sedi-
mentary deposits in other regions on Mars [8] (Fig. 2). 

Relationships with highland valley networks:  
The dichotomy boundary in the study area consists of a 
steep scarp dropping into elongated open and closed 
basins (Fig. 1).  The density of valley networks on this 
north-facing scarp is low relative to degraded crater 
rims in the adjacent highlands.  The few valley net-
works crossing the boundary commonly steepen 
abruptly near the scarp [7], consistent with a base-level 
reduction or southward advancement of the boundary 
scarp [7,9].  These valley networks do not appear to 
continue into the multibasinal lowland knobby terrain. 

The Aeolis Mensae materials appear to strati-
graphically overlie  or “dam” highland valley networks 
that drain toward the dichotomy boundary (Fig. 1).  
The mesas and knobs are not dissected by valley net-
works as are slopes in the adjacent highlands (Fig. 2).  
It is therefore likely that erosion of Aeolis Mensae oc-
curred in the absence of abundant precipitation, during 
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a time when activity of highland 
valley networks was waning.  
Very limited fluvial activity con-
tinued after material was stripped 
to form the knobby and fretted 
terrain.  Crater counts [11,12] 
and the activity of highland 
drainage basins can be used to 
constrain the emplacement and 
erosion of the Aeolis Mensae to 
the late Noachian/Hesperian pe-
riods. 

Possible emplacement and 
erosional processes:  Sedimen-
tary materials could have been 
transported into the Aeolis Men-
sae region from the highlands by 
fluvial activity, or they could 
have originated from either the 
highlands or lowlands as an air-
fall deposit.  For their present 
appearance and erosion, the me-
sas must have disaggregated en-
tirely to grain sizes that are trans-
portable by wind, so emplace-
ment mechanisms should be con-
sistent with this complete sorting 
requirement. 

A more durable cap rock out-
crops in many flat-topped mesas 
(Fig. 2).  Erosion of these knobs 
may have been limited by the 
backwasting or disaggregation of 
the capping unit.  Transport of 
disaggregated sedimentary mate-
rials into the lowlands could have 
been accomplished by wind, wa-
ter, or ice.  Yardangs, etched ter-
rain, absence of continuous flow 
paths, and the temporal relation-
ships with valley networks favor 
wind as the transport medium 
[13]. 

Regional and planetary cor-
relations:  Malin and Edgett 
[8,10] described sedimentary 
mantles covering substantial ar-
eas of low-standing ground.  
These layered units showed no 
obvious relationship to highland 
valley networks.  One possibility 
is that layered deposits in Terra 
Meridiani, Arabia Terra, Valles 
Marineris, and along the dichot-
omy boundary may share a com-

mon origin, as fine-grained sedimentary 
deposits were stripped from low-standing 
settings and transported to their current 
locations by wind. 

 
Fig. 2 (left).  MOC image E05-01183 

(3 km across) of mesas in Aeolis Mensae.  
Mass wasted deposits on the mesa slopes 
(bottom) are free of large boulders even at 
full resolution (5.8 m/pixel).  Between 
mesas a layered deposit has been partially 
stripped in the upper part of the image.  
An indurated layer caps the mesa. 

Fig. 3 (right).  Subframe of Mars Od-
yssey THEMIS daytime infrared image 
I00957001 (32 km across).  Aeolis Men-
sae fretted terrain (top) formed in an 
etched sedimentary layer (center), which 
overlies cratered terrain and valley net-
works.  A higher-inertia layer is exposed 
between knobs at the top of the image.  In 
MOC images, this high-inertia material 
underlies a largely stripped, thin layer, 
which itself underlies the thick mesa-
forming unit. 
 
References: [1] Sharp R. P. (1973) JGR, 
78, 4073–4083.  [2] Squyres S. W. (1978) 
Icarus, 34, 600–613.  [3] Lucchita B. K. 
(1984) JGR, 89, B409–B418.  [4] McGill 
G. E. (2000) JGR, 105, 6945-6959.  [5] 
Carr M. H. (2001) JGR, 106, 23,751–
23,593.  [6] McGill G. E. and Dimitriou 
A. M. (1990) JGR, 95,12,595–12,605, 
1990.  [7] Irwin R. P. and Howard A. D. 
(2002) JGR, 10.1029/2001JE001818.  [8] 
Malin M. C. and Edgett K. S. (2000) Sci-
ence, 290, 1927-1937.  [9] Kochel R. C. 
and Peake R. T. (1984) JGR, 89, C336–
C350.  [10] Malin M. C. and Edgett K. S. 
(2001) JGR, 106, 23,429–23,570.  [11] 
Frey, H. V. et al. (1988) Proc. LPSC 18, 
679–699.  [12] Maxwell T. A. and McGill 
G. E. (1988) Proc. LPSC 18, 701–711.  
[13] Irwin R. P. et al., Geology, submitted. 

Sixth International Conference on Mars (2003) 3092.pdf



ANALYSIS OF PROPERTIES OF THE NORTH POLAR LAYERED DEPOSITS : THEMIS DATA IN CONTEXT OF
MGS DATA. A. B. Ivanov1, S. Byrne2, M. I. Richardson2, A. R. Vasavada3, T. N. Titus4, J. F. Bell5, T. H. McConnochie5,
P. R. Christensen6, THEMIS Science Team,1Jet Propulsion Laboratory, MS168-416, Pasadena, CA, 91106; e-mail : an-
ton.ivanov@jpl.nasa.gov, 2California Institute of Technology, Division of Geological and Planetary Sciences, Pasadena, CA,
3University of California, Los Angeles, CA, 4U.S. Geological Survey, 2255 North Gemini Drive, Flagstaff, AZ, 5Cornell University,
Department of Astronomy, Ithaca, NY, 6Arizona State University, Tempe, AZ.

1 Introduction

One of the many questions of Martian exploration is to uncover
the history of Mars, through analysis of the polar layered de-
posits (PLD). Martian polar ice caps hold most of the exposed
water on the surface on Mars and yet their history and physical
processed involved in their formation are unclear. We will
attempt to contribute to our knowledge of the composition and
stratigraphy of the polar deposits.

In this work we present the latest imaging data acquired
by the Mars Odyssey THermal EMission Imaging System
(THEMIS) [1] and place it into context of the Mars Global
Surveyor (MGS) data. THEMIS provides capabilities for
imaging in both thermal IR and visible color wavelengths.
These observations are affected by atmospheric scattering and
topography. The Mars Orbiter Laser Altimeter (MOLA) and
Thermal Emission Spectrometer (TES) instruments [2, 3] on
board of the MGS spacecraft can provide context information
for THEMIS data. Of particular interest are Mars Orbiter
Camera (MOC) images [4], which provide high-resolution
data. We are primarily interested in the seasonal evolution
of ice cap temperatures during the first northern summer of
THEMIS observations. Morphology, stratigraphy and compo-
sition of the layered deposits can be addressed by THEMIS
VIS color images, along with MOC high resolution data and
MOLA Digital Elevation Models (DEM). This work is inten-
tionally descriptive. Based on the knowledge obtained by the
orbiting spacecraft and described here, we will attempt to ex-
pose major directions for modeling and further understanding
of of the physical processes involved in the formation of the
polar layered terrain

2 Available data

2.1 THEMIS IR

The THEMIS IR camera has 10 bands from 6 to 15µm [5].
Due to to signal-to-noise restrictions the most useful band for
polar observations is band 9 (12.57µm ). Band 10 (14.88µm )
data can be used for atmospheric calibration. An example of
seasonal evolution observed by the THEMIS IR subsystem is
shown in Figure 1. We have projected all IR images, covering
a small area near 86N and 90E into a polar stereographic
projection and then sampled “time” dimension in order to look
at temperature evolution over the course of the summer. We are
plotting averaged temperature data over two 1km2 regions of
interest: layered material inside the trough and the surface of
the residual ice cap. High resolution THEMIS IR data allows
us to distinguish properties of bulk of layered terrain and ice.
We were not able yet to distinguish properties of individual
layers.
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Figure 1: Seasonal temperature evolution of ice and trough
material in the North Polar region. Red circles - layered mate-
rial, blue squares - ice (THEMIS band 9), light blue diamonds
- THEMIS band 10 data, orange triangles - TES surface tem-
perature during first year of TES observations for the same
region.

2.2 THEMIS VIS

The THEMIS Visible Imaging Subsystem (VIS) is a 5-color,
1024x1024 interline transfer CCD camera that acquires high
spatial resolution 18 to 72 m/pixel multispectral images (425
to 860 nm) from Mars orbit ([5, 6]). In order to gain coverage
most of the full-color images have a resolution of 36m/pixel.
Figure 2 illustrates a fragment from the polar layered ter-
rain. We were able to image this fragment at full resolution
(18m/pixel). This image is a part of a larger mosaic and con-
sists of two VIS images. Layers can be easily identified in this
figure. Color calibration in underway right now [6] and in the
future we plan to analyze true-color images.

2.3 Mars Global Surveyor data

Very interesting details of the polar layered deposits become
evident in high resolution MOC Narrow Angle images [4].
These images are invaluable for interpreting details of the lay-
ered deposits observed with THEMIS. Narrow Angle MOC
and THEMIS VIS images are ideal complements for each
other : THEMIS provides extensive coverage and some color
information, while MOC provides high resolution detail. An
example of a MOC image from the same trough as in Figure 2
is shown in Figure 3.

It is very important to understand the state of the atmo-

Sixth International Conference on Mars (2003) 3182.pdf



NORTH POLAR LAYERED DEPOSITS: RESULTS FROM THE THEMIS INVESTIGATION 2

Figure 2: Fragment of false-color mosaic of THEMIS VIS im-
ages in the North polar region (near 86.7N and 60-70E). Cam-
era bands 3, 2 and 1 are shown in this picture as Red, Green
and Blue correspondingly. Resolution : 18m/pixel. Radiomet-
ric calibration of these images is still work in progress. Size
of this THEMIS VIS image mosaic is 10.5×5.7km.

sphere (presence of dust, water ice), when the data were taken,
as they can affect the observations described above. TES at-
mospheric data [7, 3] can provide dust and water ice opacities
and many other parameters valuable for atmospheric analysis,
as well as understanding large scale thermophysical properties.
We compared TES surface temperatures (orange triangles in
Figure 1) taken during the first year of TES mapping phase (two
Martian years prior to presented THEMIS data). THEMIS and
TES observations of surface temperatures are consistent. Note,
however, that THEMIS data is not atmospherically corrected.
Although the TES observation footprint (3×6km) does not al-
low to distinguish between ice and layered material, it is still
possible to retrieve very useful spectral information from just
one TES pixel, if the observed feature is large enough. MOLA,
which has been working in radiometer mode since 2001 [8],
can provide narrow-band radiometric information at 1µm , in
addition to wide-band TES bolometer measurements.

2.4 Discussion

Variations of thermophysical properties of surface materials
are manifested in the thermal IR by various rates of heating up
or cooling down. While this process is easy to observe in equa-
torial regions and mid-latitudes, it is very challenging to apply
the same methods in the polar regions. For places in extreme
polar latitudes, the sun is almost always over the horizon. Only
during short periods in spring and fall can differences between
day and night be observed. Further complicating matters in the
spring time isCO2 cover, which masks all possible thermal
differences. We will look extensively at the fall time images,
when thermal contrasts will become more apparent. We plan
to continue analysis of seasonal trends for different geologic
units inside the cap untilCO2 covers the surface of the ice
cap. Our ultimate goal is to derive some measure of thermal
inertia for the material in the troughs. TES atmospheric data
from previous years is very helpful for planning this effort and
for interpretation of the results.

The large spatial and relatively high-resolution coverage

Figure 3: MOC image mosaic of the north polar layered ter-
rain at 3 m/pixel resolution. MOC images M00/2100 and
M01/3767 were used. Note variety and structure of layers in
the trough. By precise registering of these images to THEMIS
color images we will be able to deduce color information for
some of the layer stacks. Size of this mosaic of MOC images
is 12.3×5.3 km.

provided by the THEMIS visible camera can resolve individual
layers in the northern polar layered deposits over long distances
(See Figure 2). Higher resolution MOC narrow angle data can
be used to characterize these individual layers. Comparing the
trace of these layers to topographic data generated by the Mars
Orbiter Laser Altimeter (MOLA) yields information in three
dimensions about the position of the layer exposure. Strikes
and dips of individual layers can be extracted allowing us to
predict if this same layer will be exposed in troughs elsewhere
in the layered deposits. Testing large-scale continuity of layers
in this fashion may help us distinguish between a flowing or
non-flowing ice cap. In addition the possibility of extracting a
low-resolution version of the topography underlying the icecap
from the three dimensional shape of many layers also exists.

Requiring information from so many different datasets
spread over various missions in a challenge. Geographic Infor-
mation Systems (GIS) have been used to this end within the ter-
restrial remote sensing community for many years. We use the
Arcmap software provided commercially by ESRI. It provides
a convenient way to overlay different dataset of disparate res-
olutions and origins. It also allows for full three-dimensional
viewing of any scene for which topography information ex-
ists (which is everywhere), which aids image interpretation by
distinguishing slope and albedo effects on brightness.

3 Conclusions

In this work we present description of properties of the North
Polar Layered Deposits in all available datasets, concentrat-
ing on data from Mars Odyssey’s THEMIS investigation. Our
approach is to 1) detect heating or cooling trends in THEMIS
Thermal IR imagery for selected troughs in the NPLD and
interpret these data in terms of thermophysical properties (e.g.
thermal inertia) of the layers. The MGS TES atmospheric
dataset will provide context and will be important for cal-
ibration of THEMIS data; 2) use THEMIS VIS images to
investigate continuity of the layers in the layers deposits and
their stratigraphic relationships using high-resolution MOLA
topography. MOC images will provide important morpholog-
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ical detail. Our goal is to bring infrared and visible datasets
together and suggest future directions for data analysis and
modeling to improve our understanding of the composition of
the layered deposits.
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Introduction: The seasonal Martian polar caps 

wax and wane in response to condensation and subli-
mation of carbon dioxide resulting from seasonal inso-
lation changes on Mars.  Numerous data exist on ob-
servations of the recession or sublimation phases in the 
visible portion of the spectrum for the last two centu-
ries.  William Herschel published the first quantitative 
observations of the seasonal recession of the Martian 
polar caps in 1784 [1].  During the next 180 years, 
ground based observers used a variety of techniques to 
observe recessions; Slipher summarized these observa-
tions in 1962, on the eve of the first space exploration 
of Mars [2].   Portions of the seasonal cycles of the 
surface caps that were observed by Mariners 7 and 9 
and by Viking as well as ground based studies from 
1971-1988 by the International Planetary Patrol were 
summarized in a review article following the Fourth 
International Conference on Mars in 1989 [3].  Hubble 
Space Telescope observed points in the seasonal reces-
sions of the south [4] and north [5] caps during the 
1990’s.  Differences between different Martian regres-
sions have been reported in the past; but, because many 
of the relevant data sets are localized in longitude, at 
least some of these results could be an artifact intro-
duced by the considerable longitudinal asymmetry that 
is observed during recessions. 

Mars Global Surveyor went into orbit around Mars 
in September 1997.  The wide-angle cameras (WA) of 
the Mars Orbiter Camera (MOC) experiment acquire 
images of the entire planet every day at a resolution of 
~ 7 km/pixel in both red (575 nm – 625 nm) and blue 
(400 nm-450 nm) wavelengths.  Some polar cap obser-
vations were acquired during the aerobraking (AB) and 
science phasing (SPO) of MGS before systematic map-
ping commenced in April, 1999 at LS = 118°.  More 
than two complete Martian years have now been moni-
tored.  The spring recession of the seasonal south polar 
cap was monitored during the aerobraking phase of the 
MGS mission [6], and data pertaining to the spring / 
summer recessions of the south [7] and north [8] caps 
during the first year of mapping have been reported 
previously.  The spring – summer recession of the 
south polar cap in 1999 was characterized by its strong 
resemblance to the recession that was monitored by 
Viking in 1977.  The north polar recession in 2000 was 
also very similar to previously observed recessions.  
The MOC observations confirmed an almost linear cap 

regression from LS = 330° until LS = 60° without the 
somewhat controversial “plateau” that has sometimes 
been reported in early spring. 

We have studied the subsequent spring recessions 
of both polar caps during the second year of MGS 
mapping.  This comparison of the two years is espe-
cially interesting because an extensive planet encircling 
dust storm occurred in early southern spring of the sec-
ond Martian year while there was no such large storm 
in the first year.  So it may be possible to determine the 
effects of dust on the condensation and sublimation of 
the carbon dioxide in the cap.  

 Seasonal South Cap:  The planet-encircling dust 
storm was first observed at about the spring equinox in 
the south, when the boundaries of the CO2 cap were 
extended to nearly the latitude of the southern parts of 
Hellas and exposed to the effects of atmospheric dust  
(Figure 1). 

 

 
 
Figure 1:  South cap in early stages of 2001 storm. 
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Although small local differences are seen, there is no 
significant difference between the regressions ex-
pressed in terms of the average cap radius (Figure 2).   
 

 
Figure 2: Regression of the south polar cap in 1999 (*) 
and 2001 (+).  The dimensionless average cap radius 
on a sterographic projection is ploted versus areocen-
tric solar longitude.  Recessions are nearly identical 
apart from minor effects of the dust storm in very early 
spring. 
 
The most interesting differences between the two re-
cessions that we observed was the more rapid disap-
pearance of regions in the cap that are characterized by 
higher than average albedo; the Mountains of Mitchel, 
for example, disappears roughly 5° of LS earlier in the 
second year [9].  Infrared observations by TES con-
firmed this result and also indicated the darker than 
average cryptic regions sublimed later in the second 
year [10].  The similarity between the two regression 
curves indicates that regions in the cap of average al-
bedo behave similarly.  This has been explained by 
detailed simulations of the effects of dust on the total 
energy absorbed by these various regions in the visible 
and infrared; these calculations are the subject of a 
separate paper at this meeting. 

Residual South Cap: The recession of the south 
polar cap terminates at about LS = 300° in its “ residual 
cap” configuration, and only minor changes in the cap 
then occur during the rest of the summer.  Viking 
IRTM observations of this residual south cap showed 
that it was composed at least partially of carbon diox-
ide ice, stabilized against the high insolation of south-
ern summer by its high albedo [11].  In the case of the 
residual cap we have four relatively high-resolution 
observations from 1971 (Mariner 9), 1977 (Viking), 
and 2000 and 2002 (MGS).   The residual caps in 2000 
and 1977 were essentially identical [7].  However, the 
residual cap in 1971 was significantly different; the 

residual configuration was smaller, and the interior of 
the cap appeared to include significant patches of un-
frosted ground [12].  Both observations suggest addi-
tional sublimation in 1971 relative to 1977.  

The recent MGS observations of the residual south 
cap in 2002 show it to be identical to the residual cap 
in 2000 aside from a few very small effects near the 
edge (Figure 3). 

 

 
 

Figure 3a: Residual south polar cap on February 22, 
2002 (LS =306º). 
 

 
 
Figure 3b: Residual south polar cap on January 9, 2002 
(LS = 306º). 
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Evidently, the major dust storms in 2001 had little ef-
fect on the central portions of the cap despite their high 
albedo.  This may be due to the fact that dust storm did 
not seem to penetrate extensively into the center of the 
cap, perhaps due to the net outflow due to sublimation 
in the outer regions.  In addition, the insolation on the 
residual cap during the storm was small due to the 
large incidence angles. 

Seasonal North Cap: The late winter and early 
spring portions of the north cap recession have been 
phases for which the largest interannual variability has 
been reported.  The locations of the surface cap bound-
ary in late winter has been controversial, and a possible 
“standstill” in the regression at approximately 65º lati-
tude reported in early spring in some years.  A global 
dust storm during the condensations phase of the north 
cap is one mechanism suggested to be responsible for 
this variability.  On the other hand, observations are 
especially complicated in the north by confinement of 
data points to limited longitude regions; even Viking 
data are subject to this experimental limitation. 

We have determined the regression curves for the 
2000-2001 and 2002-2003 recessions of the north po-
lar cap; a planet encircling dust storm occurred in early 
fall in the second year.  As in the case of the south po-
lar cap, the regression curves from the two years are 
almost indistinguishable, and there is no sign of a 
standstill in either year. 

Residual North Cap:   
Mars Global Surveyor mapping commenced at LS = 

118º in 1999.  By the time of this conference we will 
have seen the third summer season in the northern 
hemisphere.  Detailed comparisons of the caps in dif-
ferent years is complicated by frequent dust storms that 
may obscure the surface cap as in Figure 4; fallout 
from these storms on the surface cap may also affect 
the apparent albedo for longer periods. 

In the accompanying graph, the Lambert albedo of 
the center (geographic pole) of the RNPC is plotted 
against LS for 1999 (◊) and 2001 (+).  The 2001 data 
have been corrected for a change in sensitivity of the 
MOC WA Red Camera during the fall of 2001 by ap-
plying a correction determined using a high albedo 
region in Isidis.  The general behaviors of the albedo in 
this central region of the cap seem to be similar in the 
two years (Figure 5).  The main exceptions are two 
data points from 1999 near LS = 135°.  The albedo at 
this time could be reduced if dust from an unusually 
large dust storm that was observed near the edge of the 
cap at this time [13] extended over the center of the 
RNPC.  There is a gap in the MOC WA red mapping   

 
 

Figure 4: Example of a local dust storm event that al-
most completely hides the normally bright arm of the 
north residual cap that lies  to the east of Chasma Bo-
realis. 
  
subsequent to these events due to the Geodesy Cam-
paign; so the question of the duration of this suppres-
sion is not answered by the red images alone, and addi-
tional investigation using the blue filter mapping im-
ages, which continued through the period, will be 
needed.  The abrupt decrease at LS > 150° is probably 
due to the fact that the Lambert approximation fails at 
the large incidence angles in late summer.  

 

Figure 5: Lambert albedo of the region around the geo-
graphic north pole as a function of LS for 1999 (◊) and 
for 2001 (+). 
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Introduction: The Viking landers and the Path-

finder lander carried instrument packages to investi-
gate the magnetic properties of the soil and dust on 
Mars [1,2]. The instruments consisted of small perma-
nent magnets that attracted and accumulated magnetic 
dust particles from suspension in the Martian atmos-
phere. From the results [3–6] we know that there is a 
strong magnetic component in the Martian soil and 
dust.  

Based on both magnetic and optical properties of 
the dust accumulated on the magnets, the magnetic 
phase has tentatively been identified as maghemite,  
γ–Fe2O3, present as cement in or stain on silicate ag-
glomerates [5]. However, it is not possible to exclude 
that the magnetic phase could be titanomagnetite  
(Fe3-xTixO4) or titanomaghemite (γ–Fe2-xTixO3) having 
been inherited directly from the bedrock [3,7,8]. The 
magnetic dust is of considerable interest as it may give 
important clues about the role of water in the soil 
forming processes on Mars [9,10]: Has the formation 
of the red soil on Mars taken place predominantly via 
oxidation of Fe(II) in aqueous solution eons ago, when 
Mars was warmer and wetter? Or is the soil formation 
an ongoing process of breakdown and oxidation of 
surface rocks — possibly without any appreciable role 
of water? In the former case, the magnetic phase in the 
soil/dust would not be expected to contain the element 
titanium, while in the latter case the magnetic phase 
would be expected to be an Fe–Ti oxide. Direct meas-
urement of the Ti/Fe ratio of material accumulated by 
magnets on Mars could hence give insight into the soil 
formation processes on Mars. 

NASA’s Mars Exploration Rover missions 
(launched May/June 2003, landing in early 2004) [11] 
carries two magnets [12] of differing strength that will 
accumulate magnetic dust suspended in the Martian 
atmosphere for investigation with Mössbauer spectros-
copy [13] and α–particle X–ray fluorescence spectros-
copy (APXS)  [14].  

In this contribution, we describe in some detail the 
magnets that will be used for Mössbauer spectroscopy 
and APXS spectroscopy, and present some preliminary 
results obtained in an environmental chamber that 
simulates the conditions on Mars. 

Magnets for the MER mission: The Mars Explo-
ration Rovers carry a series of permanent magnets of 
various strengths and dimensions. The magnets are 
given the following names: Filter Magnet, Capture 
Magnet, Sweep Magnets, and the RAT Magnets. The 
RAT (= Rock Abrasion Tool) is a grinding tool de-
signed to remove weathering crust from rocks and ex-
pose fresh rock material for investigation [15]. The 
RAT contains built–in magnets that are designed to 
catch magnetic dust during grinding [12,16]. The 
Sweep Magnets are designed in such a way that within 
a certain area on the active surface, approaching mag-
netic particles will be deflected, and only non–
magnetic particles will be allowed to settle [12]. 

Capture Magnet and Filter Magnet. The Capture 
and Filter Magnets are located on the front of the rov-
ers (see Fig. 1), so that airborne dust attracted to the 
magnets can be studied by the Mössbauer spectrometer 
and the APXS spectrometer. 

  

 

Fig. 1: Picture of the Capture and Filter Magnets, 
as observed using the multispectral panoramic 
imager, Pancam. The Filter Magnet is in the lower 
right and the Capture Magnet is in the top center 
of the image (Credits: NASA/JPL /Cornell). 

The magnets have circular symmetry and the magnetic 
material used is Sm2Co17 (µ0M = 1.1 T at room tem-
perature) embedded in a carrying structure made of 
aluminum. The Sm2Co17 part has a diameter of 25 mm, 

Sixth International Conference on Mars (2003) 3042.pdf



while the aluminum carrying structure has a diameter 
of 45 mm.  

The main difference between the two magnets is 
the surface magnetic field strength. Fig. 2 shows the 
variation of the magnitudes of the magnetic field gra-
dient across the active area for the Capture and Filter 
magnets.  

 

 

Fig. 2: The magnitude of the magnetic field gradi-
ent at the surface of the Capture and Filter Mag-
nets. 

For the Capture Magnet, the maximum values of B 
and  |∇B| are 0.46 T and 550 T/m respectively, and for 
the Filter Magnet, the corresponding numbers are 0.2 
T and 34 T/m.  

The Filter and Capture Magnets are both equipped 
with sets of surface markings. The purpose of these 
markings is to assist in the evaluation of the thickness 
of the layer of dust that has accumulated on the mag-
nets at the time of observation. Such an evaluation will 
be valuable in determining the optimal time for re-
cording of an APX–spectrum and a Mössbauer spec-
trum of the dust on the magnets. 

Experimental: The wind tunnel system at Århus 
University has been described previously [17]. Particle 
speed and volume number density of particles are 
monitored by a Laser Doppler Anemometer and dust 
doses are given in Sols (of exposure), assuming parti-
cle density in the atmosphere of 1 cm-3 on Mars. All 
experiments were performed at room temperature us-
ing air at 10 mbar. The magnets were tilted ~45° rela-
tive to the vertical. X–ray fluorescence (XRF) spectra 
where measured (outside the wind tunnel) using a 60 
mCi closed source of 244Cm and a 7 mm2 AMPTEK™ 
detector in a setup that simulates the corresponding 
experiment on the surface mission on Mars. As a 
closed source is used it does not emits α particles. This 
limits the detection to elements with Z > 18. Möss-
bauer measurements were performed at room tempera-
ture using a conventional setup in transmission geome-
try. This differs from the setup on Mars, where the 
dust on the magnets will be measured in–situ in back-
scatter geometry. For the Mars analogue soil sample 
used in the present study (Salten Skov) this has mini-
mal effect on the spectrum, and does not alter the con-

clusions that can be drawn from the experiments. Ve-
locities and isomer shifts are given relative to the spec-
trum of α–Fe at room temperature. 

At the site called Salten Skov in Jutland, Denmark, 
magnetic (σS > 1 Am2/kg) iron rich (Fe ~ 30 wt.%) soil 
has been found [18,19]. X–ray diffraction and Möss-
bauer spectroscopy have revealed that the soil contains 
the magnetic iron oxides hematite (α–Fe2O3) and 
maghemite (~30% of the spectral area in Mössbauer 
spectrum) in mixtures with the antiferromagnetic min-
eral goethite (α–FeOOH). The particle size of the soil 
has been determined to be ~2 µm when dispersed in an 
ultrasonic bath. By means of transmission electron 
microscopy and the line broadening of the X–ray dif-
fraction lines, it has been found that individual parti-
cles consist of smaller, nanometer sized particles of 
iron oxides that show superparamagnetic blocking on 
the timescale of Mössbauer spectroscopy. 

Results: Most of the results presented here were 
obtained with a wind velocity of 2.2 m/s. After the end 
of the experiment (here 275 Sols), the dust was re-
moved from the magnets and used for further investi-
gations.  

Mass accumulations. Table 1 summarizes the re-
sults from mass measurements. 

Table 1: Results from mass measurements after 
exposure corresponding to 275 Sols. Included is 
data for 2.7 m/s for comparison. 

Magnet va 
(m/s) 

Dust load 
(mg) 

Rate  
(µg/Sol) 

Rate/area 
(µg/(Sol·cm2)

Capture 2.2 
2.7 

21.7 
19.2 

79 
70 

16 
14 

Filter 2.2 
2.7 

12.7 
9.4 

46 
34 

9.4 
7.0 

aWind velocity 
 
Increasing the wind speed leads to reduced capture 

of magnetic particles. The relative change in capture 
rate when increasing the wind speed from 2.2 m/s to 
2.7 m/s is 11% and 26% for the Capture and Filter 
Magnets respectively. This difference reflects the bet-
ter “filtering” capabilities of the Filter magnet [12].  

Magnetic Properties. The hysteresis properties of 
the dust are shown in Fig. 3. The Salten Skov refer-
ence soil used here is more magnetic than current es-
timates of the magnetic properties of the dust on Mars. 
The material that has accumulated to the magnets is 
more magnetic than the original material and the mate-
rial that has accumulated to the Filter Magnet is more 
magnetic than the material that has accumulated to the 
Capture Magnet.  
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Fig. 3: Hysteresis curves of the Salten Skov refer-
ence sample, and samples collected from the mag-
nets indicated. Values of the saturation magnetiza-
tion, σS, obtained from analysis of the experimental 
data are shown in the insert. 

The capture of magnetic particles by permanent 
magnets under Martian conditions is a complicated 
process, involving a number of parameters. Generally, 
the magnetic properties of the accumulated material 
will depend on the strength of the magnets in such a 
way that weak magnets accumulate the more strongly 
magnetic particles. The findings here are in accordance 
with the design criteria of the magnets [12]. 

Mössbauer Spectroscopy. Fig. 4 shows the Möss-
bauer spectra obtained.  
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Fig. 4: Mössbauer spectra of the Salten Skov refer-
ence sample and the material accumulated on the 
Capture Magnet.  

The spectra have been analyzed in terms of three 
spectral components indicated in Fig. 4. [18]: A sextet 
labeled Gt, assigned to goethite, a sextet labeled 
Ht/Mh, assigned to maghemite/hematite mixtures and a 
quadrupole split component labeled Fe(III) assigned to 
ferric (super–) paramagnetic iron oxide(s). The sextet 
components have been analyzed with split–Lorentzian 
line shapes, which simulate the asymmetric spectral 
lines quite well and enable the determination of area 
fractions for the different components. We do not try 
to separate the hematite and maghemite components in 
view of their rather similar hyperfine parameters and 
the rather broad asymmetric line shapes. 

Visual inspection of the spectra in Fig. 4 shows 
only minor differences between the spectra, and com-
puter analysis is needed to extract the differences in 
the spectra. The results are given in Table 2.  

Table 2: Hyperfine parameters and relative spec-
tral areas obtained from analysis of the spectra in 
Fig. 4. Labels in the table: Bhf: magnetic hyperfine 
field, δ: isomer shift, ∆EQ: quadrupole splitting or 
shift. 

Sample 
Parameters Reference Capture m.
Ht/Mh Bhf (T) 48.3(1) 48.4(1) 

δ (mm/s) 0.37(2) 0.37(3) 
∆EQ (mm/s) -0.16(2) -0.13(2) 
Area (%) 29.9(6) 34.6(8) 

Gt Bhf (T) 21(2) 21(3) 
δ (mm/s) 0.37(6) 0.37(9) 
∆EQ (mm/s) -0.25(5) -0.25(5) 
Area (%) 47(2) 23.7(3) 

Fe(III) δ (mm/s) 0.373(8) 0.37(2) 
∆EQ (mm/s) 0.67(2) 0.67(2) 
Area (%) 23.0(3) 41(2) 

 
The area ratio of the Ht/Mh component is larger in 

the material that has accumulated on the magnet, con-
sistent with the interpretation that the material that give 
rise to the Ht/Mh sextet is the same material that gives 
the sample it’s magnetic properties. The quadrupole 
shift of the Ht/Mh component is slightly smaller for 
the material that has accumulated on the magnet. This 
is consistent with the interpretation that the material 
attracted by the magnet contains more maghemite 
(∆EQ ≈ 0 mm/s) relative to hematite (∆EQ ≈ -0.2 mm/s) 
than the original sample. 

XRF results. Fig. 5 shows a typical XRF spectrum 
obtained. It shows notable emission at ~7 keV, origi-
nating from the Kα and Kβ lines of iron. The lines at E 
> 12 keV, originate from the source. Additionally the 
spectrum has lines from manganese on the left–hand 
shoulder of the Kα line of Fe. On Mars, lines from alu-
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aluminum, originating from the target surface, would 
dominate the spectrum. 
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Fig. 5: XRF spectrum of dust on the Capture Mag-
net obtained for the measurement conditions indi-
cated. 

Fig. 6 shows the intensity of the Fe lines as a func-
tion of dose obtained from 1 hour measurements of the 
Capture and Filter Magnets.  

0
100
200
300
400
500
600
700
800
900

0 50 100 150 200 250 300

Dosis (Sols)

Fe
 in

te
ns

ity
 (k

eV
·C

ou
nt

s/
h)

Capture magnet

Filter magnet

Wind velocity : 2.2 m/s
Part. concentration : 1 cm-3

 

Fig. 6: Signal in units of keV⋅Counts for 1 hour 
measurements as a function of dose for the Capture 
and Filter Magnets. Saturation level (infinitely 
thick layer) is around 4300 keV·Counts/h for the 
reference material. 

The ratio between the slopes of the curves in Fig. 6 is 
1.45 while the ratio of the mass of the dust accumu-
lated on the magnets is 1.7 (see Table 1), indicating 
that the dust accumulated to the Filter Magnet is more 
iron rich than the dust accumulated to the Capture 
Magnet. 

Discussion: From these data and the error analysis, 
the sensitivity is easily estimated, and we find that the 
minimum amount of material that can be detected is of 
the order of a few µg for a measurement time of 10 
hours. Taking into consideration the different experi-
mental conditions on Mars (with α particles) a careful 
estimate suggests that the Ti/Fe ratio could be deter-
mined with accuracy better than 30% when the magnet 
has accumulated 300 µg of material. 

We have performed wind tunnel experiments with 
both the Pathfinder Magnet Array and the Capture 

Magnet. Visual inspection suggests that the Capture 
Magnet collects dust 2–4 times more efficiently on unit 
area than the strongest magnet of the Pathfinder mis-
sion. Using dust accumulation rates determined for the 
strongest magnet of the Pathfinder Magnet Array on 
Mars [6], suggests that the Capture Magnet will collect 
dust at a rate of ~60 µg/Sol. A determination of the 
Ti/Fe ratio with the accuracy stated above will thus be 
possible few sols into the mission. 

Conclusions and outlook: The data presented here 
demonstrates how the analysis of the data that (hope-
fully) will be obtained from Mars can be performed. 
The amount of material accumulated onto the magnets 
will be estimated in three different ways: (1) Optically, 
both by utilizing the change in color of the target and 
by using the surface markings. (2) By using the signal 
obtained in the APXS measurements, both relative to 
the lines of aluminum and absolute counts in the spec-
trum. (3) By using the relative signal intensity of the 
Mössbauer spectra. All techniques are sensitive to dif-
ferent physical properties of the dust and comparison 
of the results may give deeper insight into the proper-
ties of the dust. 

APXS measurements with adequate accuracy to 
elucidate fundamental questions regarding the soil 
formation processes on Mars will be possible few sols 
into the mission.  

We are continuing these investigations, using ana-
logues of different nature and varying magnetic prop-
erties. The results will enhance our knowledge on what 
may be learned from the investigations on Mars.  
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THE THARSIS REGION OF MARS: NEW INSIGHTS FROM MAGNETIC FIELD OBSERVATIONS.  C.
L. Johnson1 and R. J.  Phillips2, 1Institute for Geophysics and Planetary Physics, Scripps Institution of Oceanogra-
phy, 9500 Gilman Drive, La Jolla, CA 92093-0225 (johnson@igpp.ucsd.edu), 2Dept. of Earth and Planetary Sci-
ences, Washington University, Campus Box 1169, One Brookings Drive, St. Louis, MO 63130 (phil-
lips@wustite.wustl.edu)

Introduction:  The Tharsis volcanic province
dominates the western hemisphere of Mars.   The re-
gional topography comprises a long-wavelength rise of
several kilometers elevation. Superposed on this are
the Tharsis Montes, Olympus Mons and Alba Patera.
To the southeast, the Tharsis rise includes Solis, Syria
and Sinai Planae, bounded by Valles Marineris, Clari-
tas Fossae, and the Coprates rise.   The region also
dominates the gravity field of the western hemisphere,
with typical free air anomalies of several hundred mil-
ligals, and a peak free air anomaly greater than 1000
milligals over Olympus Mons.

Tectonic deformation is pervasive throughout the
Tharsis region and provides constraints on the history
of uplift and/or loading and/or volcanic construction.
There have been several major episodes of radial frac-
turing from the Noachian onwards [1,2,3,4].  Concen-
tric contractional deformation of mid-Noachian units
of the Coprates Rise and South Tharsis ridge belt has
been reported [5].  Additional information on the earli-
est history of Tharsis is provided by observations of
concentric extensional fractures in the oldest (early
Noachian) units of Claritas Fossae [6,7,8].  Later con-
centric contractional deformation – the Hesperian
ridged plains (type locale: Lunae Planum) – is of a
fundamentally different wavelgnth and amplitude than
the above-mentioned contractional deformation in the
South Tharsis Ridge belt and the Coprates Rise.

Here we focus on new constraints for models for
the origin and evolution of Tharsis, provided by Mars
Global Surveyor (MGS) magnetic field data.  Magnetic
field observations are compared with the geology and
topography of the region.  Given that it is unlikely that
a global magnetic field persisted beyond the late Noa-
chian [10], we investigate end-member scenarios for
thermal demagnetization of pre-existing, or early-
Tharsis, magnetized Noachian crust.  Specifically, we
test whether observed distributions of magnetic field
amplitude over surface units of Amazonian, Hesperian
and Noachian age, are consistent with reasonable
bounds on the extent of crustal thermal demagnetiza-
tion during the construction of Tharsis. Implications
for the relative timing of the cessation of a Mars dy-
namo and the earliest history of Tharsis are discussed.
The magnetic field observations are integrated with
constraints from tectonics, gravity and topography and

a revised scenario for the evolution of Tharsis pre-
sented.

Previous Models for Tharsis Formation:  A vari-
ety of models for the formation of Tharsis have been
proposed, and predicted gravity, topography and tec-
tonic stresses compared with available observations.
These models include dynamic support of topography
by a large mantle plume [11,12]; regional uplift due to
underplating of crustal material derived from the
northern hemisphere [13]; uplift due to solely mantle
anomalies - thermal and/or compositional [14], and
including crustal thickening by intrusion [6]; flexural
loading due to volcanic construction [2, 15, 16].
There are several difficulties associated with plume
models.   Single-plume structures are difficult to
achieve in numerical convection models, and the re-
quired maintenance of persistent plume for the 4 Ga
history of Tharsis [15] is problematic.  Furthermore,
the lack of sensitivity in geoid kernels at appropriate
mantle depths [17], means that less than ten per cent of
the present-day geoid can be attributed to an upper
mantle plume.    Support of the Tharsis rise solely by
mantle thermal and compositional anomalies are not
favored since it requires the maintenance of large lat-
eral variations in density over billions of years. Pre-
sent-day gravity and topography is consistent with
flexural loading and crustal thickening at Tharsis
[15,16, 18]. Estimates for lithospheric thickness in the
region are variable and range from 70 - 150 km
[19,20], nonetheless they are consistent with current
flexural support of much of the Tharsis topography.

Magnetic Field:  Observations.  MGS magnetic
field data provide critical new constraints on the his-
tory of crustal evolution in the Tharsis region.  Here
we discuss the altitude-normalized (200 km altitude)
radial magnetic field anomalies (Br) of Purucker et al.
[21].    Investigations of other magnetic field data sets
and global magnetic field models (refs) are underway.
Figure 1 shows a simplified version of the geological
map of the western hemisphere of Mars [22] and of Br,
each draped over MGS-derived topography [23].

Anomalies of over 50 nT amplitude are observed
above the 8-km-high early Noachian basement com-
plex at Claritis fossae (unit Nb, Scott and Tanaka [21]).
Similar magnitude anomalies are seen above the Nf
units of Nectaris Fossae [21].  In contrast, no magnetic
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Figure 1.  Drape of geological map (upper figure) and
Br (lower figure) over MOLA topography for the re-
gion bounded by –180°E, 0°E, 45°S, 45°N.  Geologi-
cal map is a simplified version of that in [22]. Noa-
chian units are denoted by brown colors, Hesperian
units by purple, blue and green colors, and Amazonian
units by red, orange and yellow and white colors.  The
color bar gives the scale for Br in nT [21].

field anomalies are associated with the Noachian units
(Nf) of Tempe Fossae and Ceraunius Fossae.  Negligi-
ble anomalies are observed over Sinai Planum, Syria
Planum, Solis Planum and western Valles Marineris.
Anomalies at the eastern edge of the Terra Cimmeria
region are associated with deformed Noachian terrain
south-west (Nplr, Npl1) of Daedalia Planum.   Signifi-
cant, though lower amplitude,  anomalies are observed
at eastern Daedalia Planum which rises to elevations of
about 4 km above the planetary mean.  The surface
units here are Amazonian in age.  Finally, magnetic
anomalies are observed over a small area on the low-
ermost western flanks of Olympus Mons.  The surface
units here are also Amazonian.

Inspection of Figure 1 suggests, on average, de-
creasing magnetic field anomaly amplitude with de-
creasing surface unit age.   Figure 2 shows magnetic
anomaly distributions over units of Amazonian, Hespe-
rian and Noachian age.   The region examined extends
from 45°S to 45°N and from 180°W to 0°E.  Similar
patterns of results were obtained when various smaller
areas within Tharsis were analyzed.   Magnetic anom-
aly amplitudes of less than 5nT were excluded as being

at the limit of accuracy of the magnetometer.  The dis-
tributions show significant anomalies over units of all
ages.  The peak anomaly, mean anomaly and variance
of the distributions decrease with decreasing surface
unit age.  Values of Br over Noachian surface units can
be large, but do not approach the several hundred
nano-Tesla anomalies of the Terra Cimmeria region.
Kolmogorov-Smirnov tests [24] indicate that the Ama-
zonian, Hesperian and Noachian cumulative distribu-
tion functions are statistically significantly different.

Figure 2:  Histograms (upper) and empirical cumula-
tive distribution functions for the absolute value of Br

over Amazonian (green), Hesperian (blue) and Noa-
chian (red) surface units.   Values of Br less than 5 nT
are excluded (see text).  There are 1423, 2089 and
1619 observations of Br over Noachian, Hesperian,
Amazonian units.  Noachian, Hesperian and Amazo-
nian distributions have mean values of 37.5 nT, 24.6
nT, and 20.7 nT respectively.
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Implications  Some of the oldest and highest ex-
posed Noachian terrain in the Tharsis region exhibits
significant magnetic anomalies, indicating long-lived
crustal magnetizations.  This provides important con-
straints on the thermal regime of the magnetization
source region. The retention of significant magnetiza-
tion at Claritas Fossae means that models for up-
lift/construction in that region must allow a significant
depth extent of the magnetization source region to re-
main below the appropriate Curie temperature.  Uplift
(inferred structurally [6,7,8]) may be the result solely
of crustal thickening by magmatic intrusion, irrespec-
tive of the source of early mantle buoyancy in the re-
gion.  Crust below the young Amazonian units of
Daedalia Planum is magnetized, but less strongly so,
suggesting that burial of older basement units by vol-
canics has reduced, but not removed, the remnant
magnetism.  The basement below the Tharsis Montes
is not magnetized.  The fracture system associated with
Tempe Fossae has been proposed to underly the Thar-
sis Montes.  Since Tempe Fossae exhibits no magnetic
signature, it is possible that the crust beneath the Thar-
sis Mons was never magnetized.  Two scenarios con-
sistent with the presence of high-elevation magnetic
anomalies are: (1) Anomalies in these regions reflect
pre-Tharsis Noachian basement, that has been uplifted
during the construction of Tharsis, (2) Crustal mag-
netization was acquired during the early stages of for-
mation of Tharsis, as intruded and extruded crust
cooled through the Curie temperature of the magnetic
carrier.  Scenario 1 would not require the presence of a
global magnetic field during the formation of Tharsis,
scenario 2 requires a global magnetic field at least
during the early stages of Tharsis construction.

Effect of Thermal Demagnetization:  We have
investigated two 1-D end-member scenarios for ther-
mal demagnetization of a magnetic source layer.  We
assume that the crust in the Tharsis region prior to the
formation of Tharsis was strongly magnetic, and had a
thickness of 40 – 50 km [22, 25].  Furthermore we as-
sume uniform magnetization of the crust, and a Curie
temperature of 580°C (typical of single domain mag-
netite).  Emplacement of surface lava flows heat the
underlying crust, and the maximum depth to the Curie
isotherm scales linearly with the flow thickness [26].
For 1-km thick flows, only the upper few hundred
meters of the underlying crust are raised above the
Curie temperature.  Thus volcanic extrusions after the
cessation of a dynamo will only have a small demag-
netization effect on the underlying crust, unless the
magnetic carriers are strongly concentrated upwards.

In the second calculation we use the results of the
nominal thermal model of Hauck and Phillips [25] to
estimate the temperature gradient in the martian litho-

sphere at ~ 4 Ga.  We assume the base of the magnetic
source region (crust) is initially at the Curie tempera-
ture.  Persistent intrusions and underplating of crustal
material are permitted, such that the temperature at the
base of the crust is held close to its melting tempera-
ture.  This provides a crude upper limit on the vertical
extent of demagnetization of the crust due to intru-
sions.  In this case, the lower 50% of the crust is raised
above the Curie temperature.  In practice this model
would correspond to a requirement of continuous in-
trusions over a 100 Myr period.

From these preliminary calculations it is clear that
it is possible retain significant magnetization signa-
tures during the construction of Tharsis.  We will in-
vestigate trade-offs between magnetization distribu-
tion, volcanic construction and the resulting crustal
thermal anomalies.

Evolution of Tharsis:  Integration of the magnetic
field observations with constraints from gravity and
topography are consistent with the following scenario
for the formation and evolution of Tharsis.  In the early
Noachian thermal (and possibly compositional) buoy-
ancy produced uplift, partial melting and deep intru-
sion.   This is consistent with exposed oldest Noachian
units being pre-existing crust, not volcanic construct.
Deformation of these units produced the observed ex-
tensional fracture [7,8,9].   Whether the magnetized
Noachian crust is primarily pre-existing basement or
early Tharsis construct is unknown.   Further informa-
tion regarding the relative timing of the waning and
cessation of a martian dynamo and the earliest phase of
Tharsis construction is needed.  By the mid-late Noa-
chian Tharsis topography was supported by a combi-
nation of membrane and bending stresses from load-
ing, and crustal thickening [2, 16, 18]. This transition
explains the circumferential ridges and radial exten-
sional faulting at Tharsis, the present-day gravity and
topography, valley network orientations and the reduc-
tion in magnetic field anomalies over younger surface
units.
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Introduction.  The masking effects of windblown and 
airfall-deposited dust (i.e., <40 µm particles) on 
underlying rocks and soils hinders interpretations of 
reflectance spectra of the surface obtained from orbit 
(e.g., [1]) and from the Viking and Mars Pathfinder 
landers [2-4].  Dust coatings also hampered analyses 
of alpha proton x-ray (APXS) measurements of rocks 
[3-5] and decreased Mars Pathfinder lander and rover 
solar panel power [6].  Laboratory investigations of the 
spectral effects of dust and rock coatings demonstrated 
that thin (<100 µm) layers of such coatings can 
effectively mask the spectral signature of the 
underlying materials in the visible and infrared [7-13].   
   To study the effects of dust deposition quantitatively, 
we are investigating visible/near-infrared reflectance 
of palagonitic dust coatings on substrates of basaltic 
andesite as functions of illumination and emission 
angles using the Bloomsburg University Goniometer 
(BUG).  Analysis of the bidirectional reflectance 
distribution function (BRDF) of the Mars regolith 
simulant JSC-1 palagonite deposited onto such 
substrates at a variety of coating thicknesses and at 
multiple visible/near-infrared wavelengths provides 
critical information for interpreting the photometric 
properties of the Martian surface. 
 
Background.  Johnson and Grundy [11] investigated 
the spectral effects of varying thicknesses of JSC-1 
deposited onto a basaltic substrate and modeled the 
results using a two-layer Hapke radiative transfer 
model.  They found that a model in which the single 
scattering phase function P(g) was varied with 
wavelength provided the best match to the observed 
laboratory spectra, particularly at wavelengths >750 
nm, and that the wavelength dependent behavior of 
P(g) is similar to what would be predicted by a Mie 
scattering model.  However, because their 
measurements were confined to a single phase angle 
they were not able to characterize the angular behavior 
of P(g).  As such, additional measurements at a variety 
of phase angles provide the means to more fully 
understand the phase and wavelength dependence on 
P(g), which is an essential step in generalizing those 
results to the highly variable photometric geometries 
encountered by lander and orbital sensors.   
 
Methodology. 
Sample and dust deposition.  A cut and polished 
sample of SP Flow (AZ) basaltic andesite was used as 
the substrate here [cf. 11,13], with JSC-1 dust 

(<45µm) being used as the coating material.  In order 
to mimic the airfall deposition of dust onto rocks on 
Mars, the simple deposition technique of [9,13] was 
used to coat the samples.  Samples were prepared at 
four thicknesses (14 ± 15 µm; 32 ± 27 µm; 45 ± 23 
µm; 74 ±  26 µm).  Coating thicknesses were 
determined using a vertically calibrated microscope to 
measure the focus distances between the substrate and 
the coating at 25 locations on the sample.  The 
standard deviations of the measurements were less 
influenced by the precision of the microscope stage (4 
µm) than the partial clumping of small particles into 
larger aggregates (~10-50 µm).  Such aggregate 
particles likely form due to a combination of 
electrostatic and hygroscopic effects, which results in 
an uneven distribution of thicknesses of deposited 
particles.  We believe that airfall deposition on Mars 
likely results in aggregates of particles as well [14].   
 
Spectra acquisition:  BUG.  The BUG facility is 
capable of measuring the full BRDF of a sample using 
several broadband interference filters (50 nm FWHM) 
from 400-1000 nm [15].  The light source is a 100 W 
quartz-tungsten-halogen bulb powered by a stable, 
radiometric grade power supply.  The output light is 
chopped, filtered, and focused onto a fiberoptic 
bundle, which ends at the top of the shorter goniometer 
arm with a 16 mm diameter lens assembly (Figure 1).  
The collimated output is directed onto the sample ~60 
cm below.  Samples are limited in size to ~40 mm 
diameter.  A calibrated silicon detector is mounted at 
the end of the second, longer arm (~90 cm) of the 
goniometer.  It is electronically "locked" to the 
chopper motor on the source, which greatly reduces 
noise and allows the equipment to work even under 
ambient lighting conditions.  All measurements are 
calibrated using the reflectance standard Spectralon™.  
Three stepper motor stages, each independently 
controlled by computer software, are used to position 
the light source and detector in incidence, emission, 
and azimuth.  The entire measurement process is 
automated using a PC and Labview™ software such 
that a sequence of motions in incidence, emission, and 
azimuth angles are preprogrammed.  The stepper 
motors move the appropriate axis, stop, and allow the 
detector to register and record the reflectance at that 
geometry.  We acquired data of the coated and 
uncoated substrate and JSC-1 dust with this type of 
acquisition sequence using four filters (450, 550, 700, 
and 930 nm) over incidence angles 3-65°, emission 
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BUG TWO-LAYER MODELING:  Johnson and Grundy 

angles 0-75° (Figure 2), and azimuth angles 0-170°, 
resulting in phase angle coverage from 3-138°.   

  

Figure 1.  (top) BUG goniometer shown in deployed 
position (i=45, e=65).  The longer arm on the right 
holds the silicon detector.  The shorter arm on the left 
terminates with a fiber-optic lens assembly that puts a 
near-collimated beam on the sample.   

 
Figure 2.  Matrix of incidence and emission angles 
acquired during BUG runs.   
 
Two-layer Hapke modeling.  We used the BUG data to 
expand work begun by [11] that used visible/near-
infrared spectra of JSC-1 deposited onto the SP Flow 
basaltic andesite at a single geometry (i=0°, e=27°) as 
input to Hapke radiative transfer two-layer model.  The 
additional geometries obtained using the BUG facility 
allows us to solve for the complete single scattering 
particle phase function P(g) and more rigorously 
validate the scattering mechanisms proposed by [11], 
namely that the variation of P(g) with wavelength is 
necessary to explain the observing scattering behavior.   
   The main modeling approach used is based on 
Hapke theory [16].  The Hapke model has the 
advantage of being computationally inexpensive, 

allowing inversion by iterative numerical methods.  In 
this two-layer implementation, both the opposition 
effect and specular reflections are ignored.   
   We model the full BUG data sets, i.e., BRDFs for 
the substrate, JSC-1, and the measured thicknesses of 
dust-coated samples.  The Hapke model is numerically 
inverted by means of iterative procedures that 
incorporate minimization algorithms [17].  The model 
produces Hapke parameters for the substrate and 
palagonite [11,18].  Using the parameters derived for 
palagonite, we can predict its BRDF for arbitrary 
thicknesses of palagonite coating on any material with 
known Hapke parameters.  Further, by iteratively 
inverting the Hapke model, we can determine the 
coating opacity to a high certainty (at least when the 
coating is thin enough to allow an appreciable fraction 
of the rays to sample the substrate and the substrate is 
spectrally distinct from the palagonite).   
 
Results.  To date, we have tried several permutations 
of the modeling approach described above, in an effort 
to explore the sensitivities and limitations of our 
methodology.  These include allowing single scattering 
phase functions to be fitted with various phase 
functions versus constraining them to be isotropic in 
order to reduce the number of free parameters, 
modeling different subsets of the data to estimate 
sensitivity to restricted geometric coverage, and 
modeling different wavelengths and coating 
thicknesses separately versus simultaneously. The 
following figures illustrate typical output of the model. 
   Figure 3 shows the single scattering albedos derived 
by two versions of the model for the substrate and 
dust.  In model 1, only the SP substrate was fitted, 
using all four wavelengths at once.  In model 3, all the 
dust-coated samples were fitted at all wavelengths at 
once, using substrate parameters derived from Model 
1.  In model 4, the additional data for the pure JSC-1 
coating material was included.  Figures 4-6 show 
examples of the data and model fits for representative 
incidence and emission angles at 450 nm and 700 nm 
for the substrate, JSC-1 and an example of a coated 
substrate.   
   One difficulty we have encountered is that the 
iterative minimization technique (downhill simplex 
[17]) has proved to be quite sensitive to initial 
parameters chosen (i.e., optical thickness of coating, 
single scattering albedos, and single scattering phase 
functions).  We are continuing to work on improving 
the numerical stability of our techniques to overcome 
this shortcoming.  Another difficulty arises from 
specular reflection by the polished substrate.  Since 
our model does not include a specular component, this 
feature can distort the Hapke parameters derived by 
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the model if observations obtained near specular 
geometry are included. 
 
Ongoing work.  We will model BUG data to be 
acquired of the Mars Exploration Rovers Pancam 
radiometric calibration target, subjected to various 
thicknesses of dust deposition.  These data will be 
useful in estimating dust coating thickness during the 
course of the MER missions, which is relevant to both 
solar power degradation and calibration accuracy of 
Pancam multispectral images of the landing sites.   
   We also have acquired BUG data of a “blind” 
substrate to test the two-layer model.  One of us (JRJ) 
used the BUG facility to measure a substrate unknown 
to the modeler (WMG) uncoated and coated with some 
layer(s) of JSC-1 palagonite.  These data were 
transmitted to WMG without revealing the substrate 
material or the palagonite coating thickness.  WMG 
will use the Hapke model to determine how well these 
results compared to the measured data. 
   All these measurements and models will be further 
investigated to help determine the minimum number of 
observations required to compensate for the coating 
and understand the substrate reflectance with 
confidence.  Further refinements to the model may 
include adding the ability to handle specular reflection 
and opposition effects. 
 
Conclusions.  The masking effect of aeolian fine-
grained coatings on rock surfaces plagues remote 
sensing investigations on both the Earth and Mars 
from visible to thermal infrared wavelengths.  The data 
and two-layer modeling presented here is a promising 
method to study the spectral effects of fine-particle 
coatings and improve our ability to compensate for the 
effects of dust coatings on targets of interest.  This will 
increase our ability to (1) discern underlying 
lithologies that would otherwise be obscured by the 
dust coatings; (2) determine more precisely the 
mineralogy of the dust coating components 
themselves; and (3) estimate coating thickness on 
rocks and lander components. 
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Figure 3.  Siungle scattering albedo values derived 
from isotropic models for substrate and JSC-1 coating.  
Model 1 includes only data from the bare substrate.  
Model 3 uses goniometric observations of 4 different 
thicknesses of JSC-1 coating.  Model 4 is the same as 
model 3, except includes the additional constraint of a 
thick sample of pure JSC-1. 
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BUG TWO-LAYER MODELING:  Johnson and Grundy 

   
Figure 4.  Model results for substrate: measured (circles) and modeled (red stars) values for specific inicidence and 
emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm (right). 
    

    
Figure 5.   Model results for pure JSC-1 palagonite: measured (circles) and modeled (red stars) values for specific 
inicidence and emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm (right).  JSC-1 has low 
450nm reflectances, similar to those for the SP basalt in Figure 5 (cf. Figure 3). 
 

 
Figure 6.   Model results for substrate coated with 45 µm of JSC-1 palagonite: measured (circles) and modeled (red 
stars) values for specific inicidence and emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm 
(right).  Note how at 700 nm, the reflectance increases at higher emission angles because of the increasing slant path 
through the bright dust.   
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MARTIAN GLOBAL-SCALE SEASONAL CO2 CHANGE: COMPARISON OF GEODETIC 
OBSERVATIONS AND NUMERICAL SIMULATIONS.  Ö. Karatekin, V. Dehant, O. de Viron, Royal Obser-
vatory of Belgium, 3 Avenue Circulaire, 1180 Brussels Belgium. (o.karatekin@oma.be). 

 
 
Introduction: The Martian atmosphere exhibits an 

annual cycle in the CO2 concentration; as much as 
30% of the atmosphere takes part in seasonal exchange 
of mass between the atmosphere and the seasonal polar 
caps. The signature of this global-scale annual cycle 
can be found in the variation of gravitational field. 
This information can be used to estimate the global-
scale seasonal mass and atmospheric pressure varia-
tions.  With recent Mars Global Surveyor mission, 
global scale C02 change in polar caps has been esti-
mated by several authors [1], [2], [3]. Although similar 
geodetic data are used, the results vary due to the dif-
ferences in the approximations made. In the present 
study, these approaches are discussed and the polar 
mass changes are estimated. The results are compared 
with the values given by two Martian Global Circula-
tion Models (GCM) as well as observations.    

Geodetic observations and Seasonal CO2 
Changes: At seasonal time scales, the distribution of 
mass at the planet’s surface varies because of atmos-
pheric circulation and condensation/sublimation of 
polar caps. Time variation of zonal coefficients of 
gravity field can be estimated from Mars Global Sur-
veyor (MGS) mission [3], [4]. In the present study, 
seasonal variations of the gravity field (expressed in 
dimensionless zonal harmonics of degrees 2 and 3, 
namely, ∆J2(t) and ∆J3(t) calculated from the MGS, 
pathfinder and Viking Lander data according to [3]), 
are employed.  

Any variation in mass distribution gives rise to a 
change in the gravity field. From geodetic measure-
ments, the variation of gravity field coefficients can be 
estimated. Changes in zonal harmonics are directly 
linked to the variations in surface mass density distri-
bution (∆σ) [5] by:  

∫ ΩµΩσ∆−=∆ d)(P)t,(
M
R)t(J

2

ll                    

In the equation above, R ands M correspond to the 
mean radius and mass of the planet, P is the Legen-
dre’s polynomial of degree l , µ is the sine of latitude, 
and Ω is the solid angle representing the colatitude and 
the latitude.  

On the other hand, the mass change on each polar 
cap can be obtained form ∆σ, by using the geometry of 
polar cap and its mass distribution.  

Results: Seasonal polar mass changes and surface 
pressure variations are estimated. The outputs of GCM 
of Laboratoire de Météorologie Dynamique (LMD) [6] 

and NASA Ames [7] are used as a comparison with 
the present results.  

Polar Cap Mass Change Estimation: In figures 1 
and 2, estimated seasonal CO2 mass changes are plot-
ted together with the outputs of GCMs. These prelimi-
nary results show fairly good agreement in general, 
despite the high uncertainties in geodetic measure-
ments and the assumptions made on the geometry of 
polar caps [1]. The most important discrepancy occurs 
on the North Pole, during the summer season 
(90°<Ls<180°). Moreover, the CO2 on the North Pole 
from GCMs starts to accumulate later with respect to 
the results derived from geodetic observations. 

Surface Pressure Estimations: From the estimated 
total mass change in polar caps, global scale atmos-
pheric pressure variation can be calculated. In figure 3, 
estimated mean surface pressure variation by the pre-
sent method is compared with the GCM results of 
LMD. In agreement with the previous results, the 
comparison is fairly good, except for the northern 
summer season.  

Conclusions: Seasonal mass change between the 
polar caps can be estimated by geodetic measurements. 
The preliminary results are in fairly good agreement. 
According to these results, the most important discrep-
ancy occurs on the northern summer season. These 
discrepancies will be discussed in the paper.   

References: [1] Karatekin O., Duron J., Rosenblatt 
P., Dehant, V. (2003), EGS Abstract#06709.  [2] 
Smith D. and Zuber M. (2003) EGS Abstract#07285. 
[3] Yoder C. F., Konopliv A. S., Yuan D. N., Standish 
E. M., Folkner W. M., (2003) Science, 300, 299-303. 
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Figure 1. Seasonal mass change in south polar cap. 
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Figure 2. Seasonal mass change in north polar cap (Leg-

end is given in Figure 1). 
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Figure 3. Mean surface pressure variation (Legend is 
given in Figure 1). 
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ANALYSIS OF ATMOSPHERIC MESOSCALE MODELS FOR ENTRY, DESCENT AND LANDING. D. M. Kass, J. T.
Schofield, Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California, USA, T. I. Michaels, S. C. R.
Rafkin, Southwest Research Institute, Boulder, Colorado, USA, M. I. Richardson, California Institute of Technology, Pasadena,
California, USA, A. D. Toigo, Cornell University, Ithaca, New York, USA.

Each Mars Exploration Rover (MER) is sensitive to the
martian winds encountered near the surface during the Entry,
Descent and Landing (EDL) process. These winds are strongly
influenced by local (mesoscale) conditions. In the absence of
suitable wind observations, wind fields predicted by martian
mesoscale atmospheric models have been analyzed to guide
landing site selection. Two different models were used, the
MRAMS model [1] and the Mars MM5 model [2]. In order to
encompass both models and render their results useful to the
EDL engineering team, a series of statistical techniques were
applied to the model results. These analyses cover the high
priority landing sites during the expected landing times (1200
to 1500 local time). The number of sites studied is limited by
the computational and analysis cost of the mesoscale models.

Four primary statistical measures were computed. They
concentrate on the mean wind speed and on the vertical struc-
ture of the horizontal winds. Both aspects are potentially
hazardous to the MER landing system. In addition, a number
of individual wind profiles from the mesoscale model were
processed into a form that can be used directly by the EDL
Monte-Carlo simulations.

Figure 1. Model Mean Wind Speed Histogram. This
figure shows a histogram of the effective wind speed (m/s)
distribution for some of the landing sites. These are shown
in 0.5 m/s bins as a fraction of the total number of profiles
analyzed. The solid line is for the Meridiani Planum, the dotted
line for the Gusev Crater site, the dashed line for the Isidis
Basin site and the dash-dotted line for the Elysium Planitia
site.

The effective mean wind speed is a measure of the hori-
zontal speed the winds impart on the lander during its descent.
It is computed for each wind velocity component (or direction)
independently and then the two are combined to get the wind

speed. The effective mean wind is a weighted mean between
∼ 300m and∼ 5 km. An exponential weighting function that
peaks at the bottom of the integral and decays with a∼ 2.5 km
scale height is used. The integration range and scale height
are chosen to match the MER landing system. Figure 1 shows
the binned statistics for the four prime canidate landing sites.

The vertical structure was studied in three ways. The
first statistic was used to measure the long wavelength shear.
A spacial Fourier transform of each profile from the surface
to 5 km was performed. The mean ratio to an engineering
standard was calculated for wavelengths between 5 km and
350 m. The second statistic studied was the mean TKE (Tur-
bulent Kinetic Energy) over the tubulent boundary layer. This
scaled and used as a proxy for the higher frequency shear
not reprensented directly in the model profiles. The third and
simplest statistic was to calculate the average thickness of the
turbulent boundary layer at each landing site.

In order for the engineers to use the wind information in
their EDL Monte-Carlo simulation, it was necessary to prepare
actual wind profiles. This was done by randomly selecting
mesoscale wind profiles from within the landing ellipse and
extending them vertically to 50 km by using a profile from the
Ames MGCM [3]. A high frequency turbulence component,
whose magnitude and vertical structure were controlled by the
TKE field of the specific profile, was also added via a Monte-
Carlo type process. This was done to insure the effects of
these higher frequencies would be captured in the engineering
simulations.

The statistical and engineering analyses indicates that the
Meridiani Planum and Elysium Planitia landing sites are prob-
ably safe. While the wind regimes are different at the two sites,
they are equally safe within the uncertainty of the modeling.
The winds at the Gusev Crater and Isidis Basin sites are more
dangerous to the landing system. But they appear to be within
the capabilities of the MER landing system. Finally, while
there are some differences in the two models, the winds at
the Melas Chasma landing site (and presumably other Valles
Marineris landing sites) appear likely to be quite dangerous.

While the statistical parameters selected for these stud-
ies were primarily of engineering and landing safety interest,
the techniques are potentially useful for more general scien-
tific analyses. One interesting result of the current analysis
is that the depth of the convective boundary layer (and thus
the resulting energy density) appears to be primarily driven
by the existence of a well organized mesoscale (or regional)
circulation—primarily driven by large scale topographic fea-
tures at Mars.

References: [1] Rafkin S. and T. Michaels, (in press) JGR.
[2] Toigo A. and M. Richardson, (in press) JGR. [3] Joshi M.
et al. (2000), JGR 105, 17,601-17,615.
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WINTER POLAR CONDITIONS IN THE MARS UPPER ATMOSPHERE AT 
BOTH THE NORTH AND SOUTH POLES 
G. M. Keating, M. Theriot and R. Tolson, George Washington Univ. Campus at NASA Langley, Hampton, VA, USA 
(g.m.keating@larc.nasa.gov), S. Bougher, Univ. of Michigan, Ann Arbor, MI, USA, F. Forget and M. Angelats i 
Coll, Univ. of Paris, Lab. de Meteorologie Dynamique, Paris, Fr., and J. Forbes, Univ. of Colorado, Boulder, CO, 
USA. 
 
 
     The Mars Global Surveyor (MGS) z-axis 
accelerometer has obtained over 1600 vertical 
structures of thermospheric density, temperature, and 
pressure, ranging from 110 to 170 km, between Sept. 
1997 and March 1999, compared to only three 
previous such vertical structures from Viking 1, 2, 
and Pathfinder (Tolson, et al., 1999).  In November 
1997, a regional dust storm in the Southern 
Hemisphere triggered an unexpectedly large 
thermospheric response at mid-northern latitudes, 
increasing the altitude of thermospheric pressure 
surfaces there by as much as 8 km and indicating a 
strong global thermospheric response to a regional 
dust storm (Keating, et al., 1998).  
     From analysis of the MGS accelerometer data, 
enormous planetary scale waves have been detected 
in the Martian thermosphere between 60°N and 60°S.  
Fourier analysis of the wave structure reveals high 
amplitude waves 2 and 3 which appear to remain at 
nearly constant longitude between ± 60° latitude 
when viewed near 3 PM (Keating, et al., 2001, 
Bougher, et al., 2001).  However, measurements near 
3 AM show evidence of essentially a phase reversal 
in wave 2 (Keating, et al., 2001).  Taking into 
account the near sun-synchronous orbit it appears that 
these waves are principally non-migrating tides 
propagating to the east.  Studies by Wilson et al. 
(Wilson, 2002) and Forbes et al. (Forbes, et al., 2002) 
indicate the wave 2 component is principally an 
eastward propagating diurnal wave 1 which rotates 
around Mars in the opposite sense of the sun once per 
day (the wave 1 Kelvin wave, which principally 
results from the interaction of tides and topography).  
Analysis of Thermal Emission Spectrometer (TES) 
MGS data near 30 km (Wilson, 2002) indicates a 
similar phase to this wave at 30 km (Wilson, 2002) 
and thus the wave appears to propagate up from 
below into the thermosphere.  The observed wave 3 
may be a combination of an eastward propagating, 
semi-diurnal wave 1 and the eastward propagating, 
diurnal wave 2 (basically the wave 2 Kelvin wave).  
Both the observed wave 2 and wave 3 maximize near 
the equator.  These results give further evidence of 
coupling between the lower and upper atmosphere.   
     The Mars Odyssey 2001 (M01) Spacecraft was 
placed into orbit about Mars in September 2001.  
Aerobraking was performed from then until January 

2002 to circularize the M01 orbit.  The spacecraft 
carried triaxial accelerometers, which were used to 
safely perform aerobraking and to continue 
exploration of the detailed properties of the upper 
atmosphere, which had begun with the Mars Global 
Surveyor accelerometer measurements.  The 
accelerometers were used to measure atmospheric 
density, and from the vertical structures measured on 
both inbound and outbound trajectories the scale 
height, temperature and pressure were determined.  
Altogether 600 vertical structures were obtained 
ranging from 95 km to above 170 km.  Measurements 
were obtained for the first time near the North Pole 
and also the first measurements were obtained on the 
night-side in the Northern Hemisphere.  
Temperatures near 110 km were discovered to 
increase with latitude maximizing near the North 
winter pole, apparently due to dynamical heating 
(Keating, et al., 2002).  This result is contrary to the 
MarsGram and MTGCM models used for Odyssey 
aerobraking, where model temperatures are predicted 
to minimize near the winter pole.  For example, 
maximum temperatures near the North winter pole at 
100 km were observed to be near 200 K while 
MTGCM temperatures were predicted to be near 100 
K.  However, a winter polar warming is predicted by 
the European Mars GCM (Forget, et al., 1999) at 
both the North and South Poles in local winter at high 
altitudes.  The altitudinal variations and high latitude 
diurnal variations of temperature near the North Pole 
also appear to be in fair accord with the Forget et al. 
model.  Apparently the upper atmosphere North polar 
winter warmings may result from adiabatic heating 
from the subsiding branch of the cross-equatorial 
meridional circulation from the Southern Hemisphere 
summer.  The only measurements of the Southern 
Hemisphere winter polar upper atmospheric 
temperatures were obtained from accelerometers 
aboard the Mars Global Surveyor.  These 
measurements do not show winter polar warmings, 
but minimum temperatures near the winter South 
Pole more in accord with radiative equilibrium, and 
more in accord with the MTGCM model.  Apparently 
the summer-to-winter cell supplying dynamical 
heating to the North winter pole near perihelion is 
much stronger than the summer-to-winter cell 
supplying dynamical heating to the South winter pole 
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near aphelion.  The stronger dynamical heating 
during the North polar winter may result from being 
near perihelion where the closer sun and stronger 
dust activity may strengthen the meridional cell. 
     Previously, intense warming of the winter polar 
atmosphere was observed in the lower atmosphere 
(~25km) by the Infrared Thermal Mapper Instrument 
(IRTM) aboard the Viking orbiters during the onset 
of the 1977b global dust storm at northern 
hemisphere winter solstice (Jakosky and Martin, 
1987; Wilson, 1997). The 2001 global dust storm had 
nearly subsided before the Odyssey aerobraking 
period and occurred closer to equinox than solstice 
and yet North winter polar warming occurred in the 
upper atmosphere (~100km).  Therefore, the 
warmings may be more related to the season near 
perihelion. 
     Figure 1 shows the complementary nature of the 
Mars Global Surveyor and Mars Odyssey 2001 
accelerometer measurements and the measured global 
latitudinal/seasonal and diurnal variations in the 
Martian upper atmosphere at 130 km.  The data 
points in green represent a 35 point running mean of 
the MGS Phase 1 data (fall/winter, Northern 
Hemisphere).  The data points in blue represent MGS 
Phase 2 data (spring/summer Northern Hemisphere 
and fall/winter Southern Hemisphere).  The data 
points in red represent the Odyssey 2001 data 
(fall/winter near North winter pole).  Minimum 
densities at highest latitudes occur in winter near 
aphelion. 
     Table 1 shows various systematic variations which 
we have now detected from the accelerometer 
experiments aboard Mars Global Surveyor and Mars 
Odyssey. 
     Table 2 shows the number of in situ measurements 
which have been made of vertical structures of the 
Mars upper atmosphere. 
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Systematic Thermospheric Variations Detected From 
MGS and Mars Odyssey Accelerometer Experiments

•Latitudinal/Seasonal
•Planetary Scale Waves (Including Wave 1 Kelvin Wave)
•Dust Storm Response
•Northern vs. Southern Hemisphere
•Aphelion vs. Perihelion
•North Winter Polar Warming
•Diurnal
•Global and Vertical Temperature and Density Structure

 
    Table 1 

EXPLORING THE MARS UPPER ATMOSPHERE

Spacecraft Vertical Structures
Viking 1 1
Viking 2 1
Pathfinder 1
Mars Global Surveyor Accelerometer 1600
Mars Odyssey Accelerometer 600

 
Table 2 
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Introduction: 
The exchange of carbon dioxide between the at-

mosphere and the polar caps on Mars creates a sea-
sonal cycle of growth and retreat of the polar caps.  
CO2, the major component of the Martian atmosphere, 
condenses in the polar regions of the planet during the 
winter seasons, precipitating as CO2 frost.  It then sub-
limates during the spring and summer seasons in re-
sponse to solar radiation.  Nearly 30% of the atmos-
phere takes part in this seasonal process [1].  While the 
northern seasonal CO2 frost appears to dissipate com-
pletely, the south pole has a thin, permanent cover of 
dry ice over the residual cap.  The underlying residual 
caps are believed to contain large quantities of water 
ice.  We have attempted here to quantize the time-
dependence, spatial extent, and thickness of the polar 
carbon dioxide frost through the use of gamma-ray data 
measured by the Gamma-Ray Spectrometer (GRS) 
instrument suite on Mars Odyssey.  After launch on 
April 7, 2001, Mars Odyssey reached Mars for orbital 
insertion and began mapping several months later on 
February 18, 2002.  The study discussed here includes 
data received from solar areocentric longitude (Ls) 
329˚ through 135˚ (February, 2003).  Measurements 
and analyses have been done for the north and south 
poles, for latitudes poleward of ±65˚, using the hydro-
gen neutron-capture gamma-ray line at 2.223 MeV. 

The concentration of an element within the top few 
tens of centimeters of the surface is proportional to the 
flux of the gamma-rays emitted at the element’s charac-
teristic energy [2].  Variations in the thickness of the 
carbon dioxide frost over time can be approximated by 
observing the attenuation of this signal caused by in-
creases and decreases in CO2 coverage throughout the 
Martian seasons. 

To first order, we can estimate the seasonal frost 
thicknesses by assuming that the intensity of hydrogen 
gamma-rays at the surface of the regolith does not vary 
with thickness of CO2 frost above it.  This allows us to 
employ the Beer-Lambert Law, which states that the 
radiation absorbed per unit length in a medium depends 
at any wavelength only on the incident radiation inten-
sity: 

dI(λ)/dx = -µ I(λ)   or 
It = Ioe-µt 

 
t: thickness of attenuator (CO2 polar cap frost)  

µ: attenuation/absorption coefficient, dependent on 
wavelength (from photon cross-section database) 
Io, It: initial (incident) and final (transmitted) intensities 
 
The attenuation coefficient (µ) for the 2.223 MeV hy-
drogen line through carbon dioxide is 0.0420 cm2/g.  
Using this value and the gamma-ray flux observed for a 
frost-free versus CO2-covered surface, we obtain an 
approximation of the seasonal polar frost thickness in 
g/cm2.  (Note that depths are given in terms of the mass 
abundance of the column of CO2 above the surface to 
avoid assumptions regarding the density of the col-
umn.)  Additionally, we employ a model of the change 
in atmospheric thickness with time based on the Ames 
Research Center Global Circulation Model (ARC 
GCM), and we correct the hydrogen gamma-ray flux 
for the modeled change in the atmosphere. 

The results can be compared to information about 
the polar environment previously inferred from the 
ARC GCM and to data accumulated one Martian year 
earlier by the Mars Orbiter Laser Altimeter (MOLA) 
aboard the Mars Global Surveyor (MGS) [3]. 

Data Processing and Analysis:  
The process by which we go from counts in the 

GRS instrument [4] to elemental concentrations on the 
surface of Mars and then from concentration variations 
to seasonal carbon dioxide frost thicknesses is some-
what complicated.  The flux of gamma-rays (as well as 
neutrons) depends on the subsurface composition of 
the regolith, and the signal is detected from a median 
depth of approximately 20 g/cm2.  Every 19.2 seconds, 
the GRS returns a gamma spectrum (along with several 
neutron spectra) collected along 59 kilometers of or-
bital arc, or one degree of motion, over the surface of 
Mars.  Statistics are improved by binning the data over 
regions of interest.   

Since converting from gamma-ray counts directly 
to surface concentrations is not possible, we perform a 
series of forward calculations that predict expected 
gamma-ray counts based on a priori assumed planetary 
abundances and compare these model results to ob-
served results to derive a measure of elemental concen-
trations.  We use a Monte Carlo Neutral Particle code 
(MCNPX) to predict the gamma-rays leaving the sur-
face of Mars [5], [6].  These predictive models initially 
assume that Mars has the composition of the soil meas-
ured by the Mars Pathfinder Alpha Proton X-Ray Spec-
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trometer (APXS) [7].  We further assume that the sig-
nal comes from a large footprint defined as the circular 
region on Mars from which 99.9% of the signal would 
come when approximating the planet as a sphere with 
uniform atmosphere and no topography.  Within each 
footprint, a grid of 0.5 degree cells is defined over the 
surface to allow the specification of various composi-
tions, altitudes, and atmospheric thicknesses.  On the 
order of 10,000 cells are processed for each spectrum 
yielding expected gamma-ray counts.  We then com-
pare measured counts to predicted counts and deter-
mine relative concentrations for various elements as 
functions of latitude and longitude on the planet.   

From the concentration profiles, attenuation effects 
due to the seasonal CO2 frost can be investigated.  Al-
though we can obtain approximations from the basic 
Beer-Lambert Law calculations mentioned above, the 
effect of the CO2 can increase the flux of thermal neu-
trons [3], and we cannot necessarily assume that the 
flux of gamma-rays under the frost does not vary with 
the frost thickness.  Incorporating various models for 
the flux of hydrogen gamma-rays through a range of 
different thicknesses of CO2 frost covering the regolith, 
we can plot the ratio of flux through a range of thick-
nesses of CO2-frost to that when no CO2 frost is pre-
sent (i.e. intensity ratio) to obtain the equations below.  

 
Northern model:  
Intensity ratio = e-0.042633*thickness  or  
Thickness (g/cm2) = -54.0094*log(intensity ratio) 
 
Southern model:  
Intensity ratio = e-0.048288*thickness  or  
Thickness (g/cm2) = -57.6844*log(intensity ratio) 
 

These models take into account both the efficiency of 
the detector as a function of angle and the effect of 
peaking of the emission in the upward direction with 
thicker CO2 frost, leading to the given relationships 
between carbon dioxide thickness and the attenuation 
ratio.  These relationships hold for all thicknesses up to 
80 g/cm2 after which the gamma-ray flux is essentially 
completely attenuated. 
Spatial and Temporal Dependence of the Seasonal 
Polar CO2 Frost Caps:  

Thickness versus latitude.  Preliminary plots incor-
porating hydrogen gamma-ray (2.223 MeV) flux data 
binned over 5˚ by 360˚ latitude bands at both north and 
south poles are plotted in Figures 1a and 1b using the 
aforementioned procedure.  Column density in g/cm2 is 
plotted for latitudes poleward of approximately ±60˚.  
Lower limit values, given by the triangular data points, 
are employed when error bars become excessively 
large due to near total attenuation of the transmitted 

gamma-ray signal and signify the lowest value within 
the two-sigma range of calculated CO2 seasonal frost 
thickness. 

For the north pole, a weighted average of the hy-
drogen gamma-ray flux seen during the northern sum-
mer (Ls = 90° - 135°) is taken as the basis for mini-
mal/no frost coverage.  The corresponding maximum 
2.223 MeV line strength creates the basis for all at-
tenuation ratio calculations.  Similarly, a weighted av-
erage of data in the time interval: Ls = 345° - 15° dur-
ing the southern summer creates the frost-free basis for 
all southern CO2 frost thickness measurements. 

As sublimation of carbon dioxide to the atmosphere 
occurs on one pole, the growth of the CO2 cap occurs 
on the opposite pole.  During the time period of this 
study, the retreat of the northern seasonal polar frost is 
observed, as the southern CO2 cap continually grows.  
Retreat/growth takes place at a fairly constant rate as 
the seasons progress.  As expected, greater frost depth 
is observed at increasingly poleward latitudes for both 
hemispheres.   

For low values of column density, the most sensi-
tive measurements are obtained from gamma-ray stud-
ies.  As the thickness increases and the signal ap-
proaches full attenuation, epithermal neutrons provide 
the most effective frost measurements (see [3] for de-
tailed CO2 frost depth analysis using neutron data).  In 
any event, the maximum frost depth inferred from GRS 
data before encountering this limit is approximately 75 
g/cm2 in the north, and 65 g/cm2 in the south (lower 
bounds).   

Thickness versus Ls.  The growth and retreat of the 
seasonal carbon dioxide frost can also be plotted at 
specific latitudes as a function of Ls.  Figures 2a and 2b 
show CO2 thickness plotted for latitudes from ±62.5° 
poleward.  Once again, triangular data points represent 
the lower limit within error bars of seasonal frost 
thickness, corresponding to near total attenuation of the 
H gamma-ray signal.  Note that we reach this limit at 
lower column density values in the northern hemi-
sphere than in the southern due to greater atmospheric 
thickness and attenuation over the northern lowlands. 

As shown in the previous plots, frost depth at any 
given date increases as we move poleward.  In addi-
tion, the CO2 cap coverage continually decreases (in-
creases) over time for any specific latitude band begin-
ning at approximately Ls = 0° in the north (south) pole.   

Future work:   
The data shown here represent our understanding 

and evaluation of the seasonal polar CO2 frost cycle at 
the time of abstract submittal.  By the July conference 
date, we expect to have accumulated and analyzed 
three more months of GRS data.   

Sixth International Conference on Mars (2003) 3244.pdf



It is currently near the end of the northern summer, 
so during this time we anticipate observing the growth 
of seasonal CO2 frost on the north pole of Mars, as well 
as the corresponding sublimation of CO2 from the 
southern cap.   

References:  [1] James, P.B. et al, (1992) in Mars, 
Kieffer, H.H. et al, eds., 934-968. [2] Reedy, R.C. et al, 
Gamma-rays in a spectrum from the mars odyssey gamma-

ray spectrometer, abstract (2003). [3] Feldman, W.C. et al, 
CO2 frost thickness on Mars during Northern Winter and 
Spring, manuscript (2003). [4] Boynton et al, (2003) Space 
Sci. Rev., in press. [5] Prettyman, T.H. et al, (2002) LPSC 
XXXIII, Abstract #2012. [6] Waters, L.S. Ed., (1999) 
MCNPX User’s Guide, Los Alamos National Laboratory, 
document LA-UR-99-6058. [7] Wänke, H. et al, (2001) 
Space Sci. Rev., 96, 317-330. 

 
CO2 frost thickness in the north polar region
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CO2 frost thickness in the south polar region
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Figures 1a and 1b.  CO2 seasonal frost thicknesses for various time intervals (Ls = 0º - 135º) as a function of northern (fig.1a) and 
southern (fig.1b) latitudes.  Values are derived from gamma-ray flux data (2.223 MeV) from 5˚ by 360˚ latitude bands.  Lower 
limits designated by triangular data points are employed when uncertainty is large due to near total attenuation of the transmitted 
gamma-ray signal and represent the lowest thickness values within the error range.   
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Northern CO2 thickness vs. Ls
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Southern CO2 thickness vs. Ls
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Figures 2a and 2b.  CO2 seasonal frost thicknesses at specific northern (fig.2a) and southern (fig.2b) latitudes for Ls = 0º - 135º 
calculated from 5˚ by 360˚ latitude bands of 2.223 MeV hydrogen gamma-ray flux data.  Lower limits designated by triangular 
data points are employed when uncertainty is large due to near total attenuation of the transmitted gamma-ray signal and repre-
sent the lowest thickness values within the error range. 
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“BREATHING SOILS” OF MARS AS INDICATORS OF SUBSURFACE ENVIRONMENT.  A. Kereszturi1 
(1Department of Physical Geography, Eötvös Lorand University of Sciences, Pázmány sétány 1/C, Budapest, H-
1088, Hungary, E-mail: krub@freemail.hu). 
 

Introduction: Important information hides deep 
below the surface of Mars for planetology and astrobi-
ology. Our knowledge would be greatly improved on 
the planetary evolution with physical and chemical 
informations from the subsurface especially on the 
proposed deep water layer, hydothermal systems, pos-
sible subsurface habitats, volatile reservoire, paleocli-
mate. Because the impossibility of deep drill on Mars 
in the next decades we suppose one unexpensive 
method for the analysis of subsurface environment. In 
this work the theoretical bases and the possible results 
are summerized of the “breathing process”. 

The model of the “breathing”: Our model is 
based on the isothermal volume changes of subsurface 
gases because of climatic variations in the atmospheric 
pressure. This can cause expansion and contraction of 
the subsurface gas and gas currents. We analysed the 
possibility and extent of this “breathing” process with 
the following factors: 

I. Pressure change: We have data on the annual 
surface pressure variations from the Vikling landers, 
and daily variation data from Vikings and MPF. These 
are local observations and differences can take place 
for various latitudie and height. The observed pressure 
changes according to the surface landers are: Viking-1 
6,7-8,8 mbar Viking-2: 7,5-9,7 mbar (annually), MPF 
observed values between 6,4-6,8 mbar (daily) [1]. The 
day to day pressure variability is low during summer 
and high during fall and winter, because of atmos-
pheric fronts [2,3]. During great dust storms the daily 
pressure variation is higher because of the temperature 
increase by the absorbing of dust. 

II. The subsurface porosity: We have only indirect 
informations on the subsurface porosity. Based on the 
martian meteorites we have porosity values: Nakhla 
5,7%, Chassigny 3,2%, shergottites 2,7-2,1%. [3]. 
Based on the waterice estimation from the GRS on 
Mars Odyssey at high latitude there is 60%±20% of 
water ice by volume [4]. The water ice content can hint 
to the porosity of the near surface matters if we sup-
pose that most of the ice is physically bounded in the 
regolith. Viking-1 density estimations for drift material 
without water ice content are suggest 54±6%, for 
blocky material 36±16% of pore volume [5]. The me-
teoritic bombardment during the Noachian have been 
gardened the upper crust. The porosity strongly de-
pends on the later unknown cementation processes 
 which can reduce the original porosity. For the 
“breathing” we can use only effective porosity (vol-

ume of interconnected pores) which could be smaller 
than absolute porosity, see exaples below form the 
Earth:  
 
Rock types Eff. porosity 
Sandstone 0.1-0.35 
Limestone 0.1-0.5 
Shale 0.5-0.8 
Clay 0-0.05 
Silt 0.03-0.19 
Medium sand 0.15-0.32 
Fine sand 0.01-0.35 
Course gravel 0.15-0.30 
Mafic rocks, fissured, weathered 0.01-0.4 
Crystalline rocks 0.0005 

 
 

 
Fig. 1.  

Depth from where gas arrives to the surface 
 

In generally inside unweathered mafic rocks the ef-
fective porosity is around 0.19-2.77% [6]. We used in 
our model different values for the volumes of the com-
municating pores. We marked with FCL (“freely com-
municating layer”) that regolith layer wihich is in free 
contact with the atmosphere (Fig. 1.). 
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III. Volume variations of the gases: We modeled 
the volume variations of the gases width ideal gas low 
and isothermal volume changes under constant tem-
perature taken to be equal to the surface average tem-
perature (temperature changes due to insolation could 
be low below the surface, because of the low heat 
transport capacity especially at the dust covered 
places). The geothermal gradient for Mars could be 
near to 0.015 K/m [7]. We excluded the annually and 
daily temperature variability in the subsurface zones. 

IV. Atmosphere-subsurface communication: We 
suspected that the atmosphere communicates freely 
with the subsurface gas phase (free intergranular con-
tinuous down- and upward tracks) and did not take 
into account any friction between the moving gas and 
the solid intergranular surfaces of the regolith. 

V. Supposed gas currents: Because of the volume 
changes we suppose periodic gas currents exist inside 
the regolith, downward currents during surface pres-
sure increase and upward currents during decrease. 

VI. Possible errors in the model: 1. The vertical 
distribution of the effective porosity has strong effect 
on the velocity of the gas current at certain observing 
point. In the case of homogeneous effective porosity 
distribution the gas current’s velocity is the smallest at 
any point. When the near surface effective porosity is 
low (deep below is greater) gas current’s speed near 
the surface will be substantially higher – although the 
total volume of the wandering gas is the same. 2. We 
have no information on the effective porosity which is 
very important factor. The greatest uncertanties we 
meet at the possible subsurface chemical cementation. 

Discussion: 1. The observed annual pressure 
variation on the surface is around 2.5 mbar. The sub-
surface gas increases its volume up to 1.25 times of the 
smallest volume during one martian year and contracts 
to the original volume. Because the condensing out 
volume of the atmospheric CO2 differs on the two 
hemispheres we have two periods of up- and two 
downward gas currents during one martian year. The 
most intensive currents happen during Mars ap-
proaches perihelium when the upper mentioned change 
realizes during about 100 days. In the case of 1.25 
times expansion or contraction, in homogeneous po-
rosity distribution we can find that during the lowest 
surface pressure the gas arrives to the surface origi-
nated from 80% of the depth of the FCL. The depth 
depends on the FCL’s thickness and not on the effec-
tive porosity. Values for different FCL’s thickness 
values are visible on Fig. 1. The values can be extrapo-
lated to greater and less homogeneous FCLs too. The 
gravity driven compaction probably decreases the po-
rosity about 25-30% of that measured in 200-400 m 
depth, but this is very uncertain. 2. Daily pressure 

variation: Based on the observations the daily varia-
tion is up to 0.5 mbar causing about max. 5% volume 
changes resulting weaker breathing which could not be 
neglected. 3. Long term pressure variation: It is sup-
posed that Mars had underwent strong climate changes 
when gas previously stored in the subsurface out-
gassed into the atmosphere. During this periods the 
existence of the fluctation depends on the asimmetry 
of polar caps in the past which is little known. The 
volume of the gas which takes part in the periodic cur-
rent is visible on Fig. 2. 

 

 
Fig. 2. Volume of gas takes part in the currents 

 
Supposed observing method: We suppose the fol-

lowing in-situ methods for the analysis. All of the 
analysis would be carried out at least at two places at 
the same time: above the surface (at 1-2 cm height) 
and with a drilled probe 60-100 cm below the surface. 
The probe have be able to measure the pressure, tem-
perature, gas composition, oxygen and carbon isotope 
ratios. It is possible that with a special vertical channel 
in the probe to measure vertical gas current speed. The 
measurement should be realized at least two martian 
years for control measurements too. We suggest the 
following places for the analysis where loose and 
weakly confined matter can be present: 1. Ancient 
talus slopes, lacustrine deltas and other water related 
sedimnets, because of their high primary porosity (if 
great cementation have not happened) and the possibil-
ity to find gas producing sediments. 2. Locations with 
low height to get as near as it is possible to any deep 
subsurface water layer. We think the best place is the 
bottom of Hellas where water related sediments could 
be accumulated under relative great geothermal gradi-
ent and have direct contact with the atmosphere. 

Possible results: Theoretically we can account on 
the following phenomena and their observations: 

1. Transport of the oxidants: It is supposed that the 
agressive oxidants in the martian soil are produced 
mainly by solar UV radiation. The downward gas cur-
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rent takes any kind of gas phase oxidants far below the 
surface, producing a thickened weathered layer. 

2. Volatile transport, evaporation and condensa-
tion: during the upward gas current because of the 
geothermal heat the gas arrives into somewhat colder 
invironment. Near to the surface the surface tempera-
ture have effect on the condensation too. During the 
downward track because of the somewhat growing 
temperature of the gas became more and more dry and 
can cause sublimation again. These can cause periodic 
sublimation-condensation and small vertical lifting 
which can take part in the homogenization of chemis-
try. Gas currents dries the upper part of the regolith, 
the transported volatile mass depeds on the tempera-
ture and saturation of the gas which can hint on the 
characteristics of the subsurface sinks [8]. Chemical 
changes because of the migration of differently satu-
rated gas volumes can realize in the subsurface. Based 
on a theory the fotochemically produced CO, O2, H2 
can be the energy source of subsurface habitats [9]. 
The “breathing” can take these downward too. 

3. The composition differences can suggest to sub-
surface differences in the chemistry. It can be sup-
posed that the near surface environment is somewhat 
different in chemistry than the surface becuse of the 
differences in the weathering. 

 

 
Fig. 3. Possible sinks and locations of fractionation 

 
5. Isotop analysis can help in the reconstruction of 

volatile transport, groundwater/ice dating and paleo-
climate. Isotopic fractionation was observed under 
Mars-like p/T laboratory enviroment [10,11]. The sup-
posed repeated climate changes could cause differ-
ences in the isotopic ratio between the atmospheric, 
surface, subsurface ice and possible subsurface liquid 
water. During the vertical gas currents the gas trans-
ports volatiles from differently fractionated reservoirs 
(Fig. 3.). Because of the vertical gas currents in the 
regolith no distinct isotopic layering is probable but 

diffuse, thick layers. The reconstruction of the source 
region is difficult but not impossible because the deep 
regions can taken to be closed system. Differences in 
the oxygen isotope ratios between the atmosphere and 
the gas originated from deep below the surface could 
show to the presence of deep water layer and the depht 
of it – as a very rough approach. It is a basic question 
to determine standard values for isotope ratios like on 
Earth (SMOW, PDB), the current ratio in the atmos-
phere and SNC meteorites could be an impotrant stan-
dard anyway. [12,13,14]. 

Observations in the near future: With the follow-
ing spaceprobes it is possible to try to observe a some 
aspects of the supposed “breathing” 1. On Beagle-2 
the GAP of Mole can analyse the presence of methane 
and C isotopes [15]. 2. The MARSIS radar sounding 
experiment can hint to the subsurface ice dustribution. 
This coincides with the depth analysed by the breahing 
method and help in the better determination of certain 
subsurface ice layers [16]. Observation of the “breath-
ing” could have information on the origin of the vola-
tiles in gullies and dark slope streaks [17]. We suggest 
tests with the current martian soil simulation chambers 
for gas driven transport of the volatiles [19,20]. A long 
term operating subsurface gas analyser with duration at 
least one or two martian years with already tested ex-
periments could be an inexpensive step toward future 
deep drill activity. 
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Introduction: The Mars Express and Begle-2 

lander gives possibility for detailed orbital analysis of 
the subsurface ice at the great basins with GPR, and 
in-situ analysis at the Early-Noachian aged Isidis 
Planitia [1]. In this work we summarize implications 
for the subsurface ice distribution and one possibility 
to use it as indicator of the last great climate change. 
This could hold information on planetary evolution 
[2,3]. 

Basic aspects: Isidis planitia is interesting among 
the great basins on Mars because of the following 
reasons: 1. The basin is closed in the subsurface zone 
based on its contact toward the Northern Plains. 2. 
Isidis is nearly same sized like Argyre but filled with 
basaltic cover. 3. At the edge of the basin two strati-
graphic units are in visible contact: the old cratered 
upland and the younger basaltic lowland. 4. Isidis 
had collected the subsurface and surface runoff water 
from a significant area. 5. Depth of the Noachian 
aged subsurface crust: Argyre’s depth is 5200-4000 
m below its great circular fault, the same value for 
Isidis is around 2900-3900 m (measuring the eleva-
tion difference between the circular fault and the top 
of the basalt infill). These are minimal values because 
Isidis is somewhat greater in size. We can assume 
max. 1-2 km thick basaltic cover at Isidis Planitia. 
Another approach is based on the outcrops of the 
blocks near to the edge of the basin. We had assumed 
that blocks had formed by similar process like ones at 
the edge of the southern uplands north of Isidis. The 
height of these blocks are max. 650-700 m. The dis-
tance of the outcrops of blocks at Isidis are max. 100 
km from the edge of basalt cover. This suggest min. 
1.2º slope angle for the outer part of the basalt cover. 
The max. vertical elevation of “small” peaks around 
Isidis are 1500 m above the surrounding, wich sug-
gest slope angle of 2.6º. This gives important infor-
mation on the thickness of basalt cover near to the 
edge but very uncertain results for the whole basins‘ 
depth which could be smaller than 3-4 km. Taken the 
upper depth values the possible pressure below the 
lava sheet are in the order of 100 atmosphere which 
can cause decomposition of ancient sediments below 
the lava sheet. These sediments could have been 
shielded by the basaltic cover form the aggressive 
atmosphere, and pressure driven chemical alterations 
could have happened. The possible escaping gas 
could be observable with Beagle-2 lander, and the 
suspected mud volcanoes could be the result of this 

process too [4]. Based on analogy from the Earth the 
effective porosity on basaltic lava flows are low ex-
cept between individual flows which cause horizontal 
porous layers as possible sinks of subsurface volatiles 
with great permeability [5]. 

Theory waiting for test: Great question is the 
consequence of the supposed climate changes [6,7,8] 
on the subsurface temperature and pressure. Theo-
retically we can devide into two kinds the global 
warming periods of Mars: the “internal induced” 
warming when subsurface heat source results melting 
of cryosphere and volatile release. In this case the 
cryosphere melts form the bottom toward the top at 
the location of the intrusion. The other one is the “ex-
ternal induced” where the atmosphere gets volatiles 
first from surface sinks (polar cap). In both cases 
global warming begins with atmosphere thickening 
and growing of greenhouse effect. Beside the loca-
tion of any volcanic center, during the global warm-
ing the surface gets warmer, and the heat is slowly 
conducted downward. Because of differences in the 
thermal conductivity of flood basalt and highland 
material (which is basaltoid too) and their ice con-
tent, the isotherms sink with somewhat different 
speed at different locations. There is difference in the 
permeability too: the highland material probably has 
greater while flood basalt has smaller and good per-
meability in horizontal oriented layers. Based on the 
upper mentioned, theoretically we can account on the 
phenomena visible in Fig. 1. Global warming begins 
(A), heat gets below the surface by conduction  and 
isotherms sink while isobars rise, if we account on 
free intergranular gas contact between the subsurface 
and the atmosphere. Liquid water appears at that lo-
cations where the required temperature and pressure 
frontiers overlap (C). The consequences are: 1. liquid 
water first appears below the surface, 2. the aquifier 
is closed from below by the ice filled layer (we sus-
pect non zero value for effective porosity too which 
make the case somewhat different form simple closed 
situation). 3. The final shape of the ice surface de-
pends on the draw down of groundwater flow, on the 
topography and on the effect of the length and tem-
perature of the warm period (E1, E2). In reality the 
process may be far more complicated and several 
other parameters have effect on the shape of the final 
ice surface than mentioned here. 
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Fig. 1. 

 

Conclusion: We suppose that the subsurface ice 
layers’ surface and its relation to the topography hints 
on the characteristics of the last warm period. The 
best locations for this analysis are at undulating to-
pography with great height differences, at great ba-
sins or at the frontier between lowlands and up- 
lands. In the case of Isidis Planitia we can observe 
the effect of regional slopes, a transitional case at the 
contact with the northern uplands, and in-situ surface 
analysis. The differently elevated basins inside the 
southern upland (Fig. 2.) can point out differences in 
the height of subsurface ice layers and help in the 
reconstruction of the offset of the last great warming. 
These can help to answer the following questions: 
Does global climate changes effect the subsurface 
volatiles first – or the surface signs liquid water isthe 
result of release from surface reservoires (polar caps, 
impact location)? Can Mars have two liquid water 
layers during global warming (one is heated from the 
surface, the other is the heated by geothermal heat)? 

Observable signs of subsurface structures: 1. 
GPR and topography correlation would point to the 
style of the last great warming on Mars. 2. Beagle-2’s 
Mole gives the possibility to observe subsurface gas 
enviroments. Any possible fluvial or limnic sedi-
ments below the basaltivc lava cover may contains 
gas/water bearing minerals like clathrates and can 
steam to the surface. On the Earth the upward migra-
tion of the products of hydrate decomposition can 
take part in the mud-volcanism [9]. 
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PALEODISCHARGE ESTIMATION FROM MORPHOMETRY FOR ANCIENT CHANNELS.  
A. Kereszturi1 (1Department of Physical Geography, Eötvös Lorand University of Sciences, Pázmány sétány 1/C, 
Budapest, H-1088, Hungary, E-mail: krub@freemail.hu). 
 

 
Introduction: The mass/volume of water was pre-

sent at or near to the surface of Mars during the plane-
tary evolution is an important question. The runoff 
valleys are thought to have formed by sapping [1,2,3], 
the outflow channels by water or cryoclast flows 
[4,5,6]. The exact style of the flows, the sediment load, 
the discharge and many other factors are not fully 
understood [7,8,9]. In this work we outline a possible 
easy morphology based paleodischarge estimation 
method for martian channel, which is not able to give 
exact values, only row estimations, but could be easily 
used because of its simplicity in many cases as a sec-
ondary method together with other ones. 

 
Bases of the method: It is known based on exam-

lpes from the Earth that with the meandering rivers the 
dimensions of the meanders are determined by the 
maximal descharge [10]. The method could be used for 
ancient riverbeds in the paleodischarge estimation. 
Because on Mars we have only ancient channels (be-
side the newly discovered small gullies at certain 
slopes) the method could be useful in the paleodis-
charge estimation. We had showed in a previous work 
that there are connections between the dimensions of 
the meanders (amplitude, radius, wavelength) and the 
channel width (the later probably proportional to the 
paleodischarge) (Fig. 1.). We analysed meanders of 
120 channels for amplitude, wavelength and radius 
determination.This suggest that there is similar dis-
charge/morphometric relation on Mars like on Earth. 
The currelations for all channels are: R=0.954 (ampli-
tude/width), T=0.736 (radius/width), R=0.935 (half 
wavelength/width); for only runoff channels are 0.875, 
0.672, 0.648 respectively. In the following we would 
like to connect absolute discharge parameters to the 
morphometric data. We measured the horizontal di-
mensions based on images of the Viking orbiters [12], 
channel cross section and slope measurement by 
MOLA results. 

 
Uncertanties and errors: During the process of the 

measurement the following factors caused uncertanties 
and errors: 1. The resolution of the MOLA data was 
high enough but we used only some representative 
values for certain channels not integration and average 
from “all values”. 2. We modelled the shape of the 
channels’ cross sections with triangles or trapezoids 
instead of the real cross section. 3. The hydraulic be-
haviour of the water flows under the surface gravity of 

Mars differs from that we know on the Earth where the 
Manning equarion is used for deisharghe estimation. 4. 
The solid matter content is unknown too which can 
cause differences in the viscosity and flow velocity. 5. 
The greatest errors coulr arise from the unknown water 
depth and later sedimentary infill. This could be great-
est at the case of the oldest runoff channels because 
their channel width are probably equal to the width of 
the valley. 

 

 
Fig. 1.  

Meander/channel width correlations 
 
 

Meandering and the origin of channels: Several 
styles of formation was supposed for the runoff and 
outflow channels. Mo matter what was the original 
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solid matter content of the flows (“clean” water, high 
mud concentration, submarine turbidity flows, CO2 
driven cryosclastis flows etc. the hidraulic behaviour 
can result such morphology which is in connection 
with the discharge of the fluid (or fluid like matter). It 
is known from the Earth that meandering can be ob-
served at not only rivers but turbidity flows or atmos-
pheric currents.  

 
Results: We have estimated the paleodischarge 

values based on the Manning equation modified to 
accound Mars lower gravity [13] with n=0.075 for 
runoff and outflow channels. Fretted channels were 
excluded except that cases where originally the chan-
nel was formed by meandering fluvial erosion obvi-
ously based on the sinous appearance. Some ourflow 
channels was excluded too beacuse their unusual slope 
direction does not coincide with the supposed flow 
direction based on morphology [14]. The correlation 
between the discharge values and the meanders’ pa-
rameters is lower than that ones between the channel 
width and the meanders’ parameters. The discharge 
values computed from Manning equation versus the 
meanders’ radius are visible in Fig. 2. (A: for all ana-
lysed channels, B: only runoff channels, C: circum-
Chryse and circum-Hellas are emphasized, D: correla-
tion for runoff and outflow channels without circum-
Hellas ones) The weaker correlation can be caused by 
the uncertanties of the depth of water had flowed in the 
channel. There are special cases for the channels 
around Hellas. Their discharge values are too lagre 
comparing to the sizes of meanders which could be the 
result of differences in the sedimentation on the bot-
toms’ of the channels and/or in the hydraulic behav-
iour of the fluid. 

 
Conclusions: 1. The strong correlation between 

the width and meandering parameters suggest correla-
tion between the paleodischarge and morphometry. 2. 
The correlation between the estimated paleodischarge 
(based on Manning equation) and meandering parame-
ters is weaker possibly because of the uncertanty in the 
estimation of the original water depth. The correlation 
excluding the circum Hellas channels is R=0.933 and 
including circum Hellas channels is R=0.487. This 
suggest great differences between the circum Hellas 
and circum Chryse channels in the hydraulics and/or in 
the sedimentation. For the runoff channels the esti-
mated discharges are highly variable at the same me-
andering parameters. The meandering method can be 
usefutl in the cases when no topographic data is avail-
able. In the case of buried outflow channels was dis-
covered around Chryse Planitia based on their 
 

 
 

Fig. 2. Meander/paleodischarge correlation 
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gravity anomaly. No obvious meanders are visible but 
done detailed future data may reveal meander like 
phenomena and would be able to estimate paleodis-
charge fot buried channels too. The method can be 
used for the discharge changes at the same channel, 
see Fig. 3. for an example (top: morphology, different 
meander generations marked with numbers, bottom: 
morphometric connection). 

 

 
Fig. 3. Meander generations 
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GRAVITY EVIDENCE FOR EXTINCT MAGMA CHAMBER SYSTEMS ON MARS. Walter S. Kiefer, Lunar and Planetary
Institute, Houston TX 77058-1113, USA (kiefer@lpi.usra.edu, http://www.lpi.usra.edu/science/kiefer/, (281) 486-2110).

The Mars Global Surveyor mission has vastly improved
our knowledge of the topography and gravity of Mars [1,2,3],
permitting detailed geophysical modeling of subsurface struc-
tures such as magma chamber systems for the first time. In this
work, I describe gravity models for Syrtis Major [4], Tyrrhena
Patera, and Hadriaca Patera as well as preliminary results for
Amphitrites Patera. In each case, flexurally supported sur-
face topography can not explain the observed gravity anomaly.
High density, buried material is required at each volcano, most
likely as dense cumulate minerals in extinct magma chamber
systems. These results provide our first look at the magmatic
plumbing of Mars.

Model
The gravity models are calculated for spherical harmonic

degrees 2 through 50, corresponding to a half-wavelength spec-
tral resolution of 213 km. This ensures that the signal-to-noise
ratio remains high and thus that the observed gravity anomalies
are robustly determined. The RMS uncertainty in the gravity
models is 10-13 mGal [2], which is a small fraction of the
observed peak amplitudes for the study regions. Flexural sup-
port of the surface topography is calculated using a spherical
thin-elastic shell model [5] with elastic constants and a load
density appropriate for basalt.

I model the subsurface structures as buried vertical cylin-
ders. Bounds on the cylinder radius, R, are determined from
the width of the gravity anomaly. The depth of the cylinder,
D, and the density contrast between the cylinder and the sur-
rounding crust, δρ, are adjusted to fit the anomaly amplitude.
Models with multiple cylinders sometimes improve the fit to
the observations. The cylinders are assumed to be uncom-
pensated to set a lower bound on the required density contrast
between the cylinder and the surrounding crust. The density
contrast inside the cylinder is tapered smoothly to zero at its
outer edge to avoid problems with Gibbs phenomenon in the
spherical harmonic expansion. The vertical integration over
the cylinder’s depth is performed numerically using a 1 km
step size. The total model gravity anomaly is the sum of the
contributions from the topographic and buried loads.

Some of the martian meteorites, such as Nakhla and Chas-
signy, are pyroxene or olivine cumulates and provide analogs
for the material that may be present in the magma chambers.
Densities of up to 3300 kg m−3 (pyroxene dominated) or
3600 kg m−3 (olivine dominated) are petrologically reason-
able [6,7]. If the magma chamber is a network of intrusive
material within a matrix of pre-existing crust, the net magma
chamber density would be smaller than these values. Because
D and δρ can not be separately determined, in this work I re-
port minimum values of D based on the petrologically likely
maximum values of δρ.

Results
Syrtis Major: Syrtis Major has basaltic flow morpholo-

gies, a basal diameter of 1100 km, and is about 1 km high
[8]. The topographic caldera is 150x250 km, elongated north-

south, and is up to 2 km deeper than the rim. The gravity
anomaly is 100 mGal at spherical harmonic degree 40 and 126
mGal at degree 50.

I have recently presented a gravity model for Syrtis Major
[4] and showed that the gravity data requires the presence of a
buried, high-density body. The spatial association between the
caldera and the buried structure indicates that the subsurface
structure is most likely due to dense cumulate minerals in an
extinct magma chamber system. The Syrtis Major magma
chamber is approximately 300 by 600 km across, broader than
the topographic caldera but narrower than the overall volcanic
edifice. Like the caldera, the magma chamber is elongated
in the north-south direction. The minimum magma chamber
thickness is 3.6 km (olivine dominated) to 5.8 km (pyroxene
dominated). Assuming a 10% density change from melt to
solid, solidification of the magma chamber can account for
only a few hundred meters of caldera relief. Thus, most of the
caldera’s depth must be accounted for by removal of magma
from the magma chamber and subsequent caldera collapse.
The best fitting elastic lithosphere thickness is 10-15 km for a
crust density of ρ = 2800 kg m−3.

Tyrrhena Patera: Tyrrhena Patera is 215 by 350 km across
with a maximum relief of 1.3 km. The summit caldera complex
is 41 by 55 km across [9]. Tyrrhena is primarily Hesperian
in age, and based on its morphology is interpreted as forming
primarily by pyroclastic flows [10].

Figure 1a shows the gravity anomaly across Tyrrhena.
There is excellent agreement in shape and amplitude between
models MGM1025 and MGS85F, which are based on the same
Doppler tracking data but independent data processing and in-
version. The anomaly is robustly determined, with a peak
amplitude of 145 mGal at spherical harmonic degree 40 and
165 mGal at degree 50. Figure 2 shows an east-west pro-
file through the Tyrrhena gravity anomaly. A model based on
flexurally supported surface topography (lithosphere thickness
15 km, short dashed line) is a poor fit to the observations, so
buried high density material is required in this region.

The long-dashed line is a model with both flexurally sup-
ported surface topography and a buried cylinder (108 East,
22.5 South, R=300 km). The cylinder radius is constrained to
a value between 275 and 300 km by the width of the observed
gravity anomaly. Assuming a maximum density contrast of
δρ = 800 kg m−3 (for an olivine-dominated magma cham-
ber), the minimum thickness of the cylinder is 2.9 km. For a
pyroxene-dominated magma chamber of δρ = 500 kg m−3,
the minimum cylinder thickness is 4.7 km. The buried structure
is roughly twice the diameter of the surface volcanic edifice,
and the total buried mass is roughly an order of magnitude
larger than the mass of the volcanic edifice and its subsur-
face root. Tyrrhena is surrounded by more than 1 million
square kilometers of Hesperian age lava plains [11]. Some of
these plains are explicitly identified as flows associated with
Tyrrhena (units Htf and AHtp of [12], unit HNre of [13]).
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Figure 1: The spherical harmonic degree 50 free-air gravity anomaly at Tyrrhena Patera (left) and Hadriaca Patera (right). The
ellipses shows the location of the volcanic edifices.

Much of the lava in these plains must have been processed
through the magma chamber system imaged by the gravity
anomaly.

Hadriaca Patera: Hadriaca Patera is 330 by 550 km across
with a maximum relief of 1.1 km [9]. The summit caldera is
nearly circular, with a diameter of 77 km. Hadriaca is primarily
Hesperian in age, and based on its morphology is interpreted
as forming primarily by pyroclastic flows [14].

Figure 1b shows the gravity anomaly across Hadriaca. The
peak gravity anomaly at Hadriaca is 141 mGal at spherical
harmonic degree 40 and 154 mGal at degree 50. A model
using just flexurally supported surface topography is a poor
fit to the observations over the volcano (Figure 3, 93 East,
33 South), so a buried high density load is required. The
topographic high north of Hadriaca (Figure 3b, 20-25 South)
is well fit by flexurally supported topography alone with an
elastic lithosphere of 15 km.

An excellent fit to the data can be achieved using two
buried cylinders in addition to the flexurally supported topog-
raphy. Cylinder 1 (93.5 East, 32.5 South, R=250 km) has
a minimum thickness of 4.7 km (olivine dominated) to 7.8
km (pyroxene dominated). Cylinder 2 (98.5 East, 32.5 South,
R=150 km) is about 80% as thick as cylinder 1, assuming that
the two cylinders have the same δρ. As at Tyrrhena Patera,
much of the lava plains surrounding Hadriaca Patera proba-
bly passed through the magma chamber system revealed by
the gravity data. Assessing the volume and hence mass of
these plains is difficult because Hadriaca is located on the

topographic slope into the Hellas impact basin.

Amphitrites Patera: Amphitrites Patera and Peneus Pa-
tera are calderas that form a single volcanic complex on the
southwest rim of the Hellas basin. Lava flow morphologies are
obscured by aeolian mantling, but the caldera morphology re-
sembles Syrtis Major [15]. Each caldera is 120-135 km across.
The overall edifice is 600-700 km across, with a topographic
relief of 0.5-1.5 km [9,15].

The gravity anomaly is 133 mGal at spherical harmonic
degree 40 and 185 mGal at spherical harmonic degree 50,
centered on the Amphitrite caldera at 61 East, 59 South. This
anomaly is one of the largest known in the southern hemisphere
of Mars [2]. Based on its large amplitude and the volcanic
morphology, it seems likely that Amphitrites and Peneus are
another example of a large, buried magma chamber. Detailed
models of this anomaly are presently in development.

Implications
Magma chamber systems have now been observed at three

volcanos on Mars, Syrtis Major, Tyrrhena Patera, and Hadri-
aca Patera. Amphitrites Patera is probably a fourth example.
It is highly unlikely that errors in the gravity field determina-
tion would produce large gravity anomalies over each volcano.
Similarly, it is also unlikely that high density material unre-
lated to the volcanos would occur beneath the each volcano by
chance. Thus, the overall suite of results reported here greatly
strengthens the case for buried magma chamber systems at
each location.

The minimum magma chamber thicknesses inferred in
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Figure 2: Gravity profiles across Tyrrhena Patera at 22.5 South Latitude. The solid line is the observed gravity anomaly (model
MGM1025, spherical harmonic degrees 2-50), the short dashed line is a model based on flexurally supported topography, and the
long dashed line is a model that includes both flexurally supported topography as well as the buried, high-density load.

this study range from 2.9 to 4.7 km for olivine-dominated
systems and 4.7 to 7.8 km for pyroxene-dominated systems.
Although olivine may contribute to these cumulate systems, it
is unlikely that the required cumulate mass could be explained
by olivine alone. Thus, the minimum chamber thicknesses
are probably closer to the pyroxene-dominated thicknesses.
However, considerably thicker chambers are permitted by the
gravity data. Because of the large horizontal extent of the
magma chambers and the likelihood that much of the lava in
the surrounding plains flowed through these chambers, thicker
chambers with correspondingly smaller values of δρ are likely.
Because these structures formed as cumulates, probably over
long periods of time, the entire thickness of the system did not
need to be molten at any given time.

Terrestrial Analogs
A number of possible terrestrial analogs exist for these

large-scale magmatic structures on Mars. Several large ig-
neous provinces (the Deccan Traps, Kerguelen, the North At-
lantic Volcanic Province, and Ontong Java) exceed 106km2

in area and range from 6 · 106 to 7 · 107km3 in volume [16].
These are not primarily cumulate structures, although the small
volume Skaergaard layered intrusive complex is a part of the
North Atlantic Volcanic Province [17]. Seismic reflection and
gravity data define a dense, subcrustal intrusive complex be-
neath Hawaii that is 200 km across and up to 6 km thick [18].
Gravity modeling of Iceland has recently been used to infer ab-
normally dense lower crust that is several hundred kilometers
across [19].

Future Observations: Mars Reconnaissance Orbiter
The limiting factor in the spatial resolution of the martian

gravity field is the spacecraft altitude. Mars Global Surveyor
operated at a periapsis altitude of 370 km [2], whereas the
Mars Reconnaissance Orbiter is currently planned to have a
periapsis altitude of 250 km. This should permit roughly a
50% increase the gravity field resolution, with a geophysically
interpretable resolution of about harmonic degree 80. This will
permit tighter limits on the allowed cylinder radii in these mod-
els. In turn, this will also place tighter bounds on the required
magma chamber thickness and density contrast, improving our
overall knowledge of the magmatic plumbing system of Mars.
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Figure 3: Gravity profiles across Hadriaca Patera. Top: East-West across 32 South latitude. Bottom: North-South across 93
East longitude. The solid lines are the observed gravity anomalies (model MGM1025, spherical harmonic degrees 2-50), the
short dashed lines are models based on flexurally supported topography, and the long dashed lines are models that includes both
flexurally supported topography as well as buried, high-density loads.
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BEHAVIOR OF SOLID CO� ON MARS: A REAL ZOO. Hugh H. Kieffer, U. S. Geological Survey [Emeritus], Flagstaff, AZ
86001, USA, (hkieffer@uneedspeed.net).

Observations of the martian polar caps by TES, THEMIS
and MOC have revealed several unexpected things: now in-
formally known as cryptic material, Dalmatian spots, black
spiders, oriented fans and fried eggs. These result from the
characteristics and behavior of solid CO� on Mars, which is
unlike anything on Earth. I will attempt to explain this zoo
qualitatively in terms of the interaction of CO� and dust with
the solar and thermal radiation fields on Mars. Some of these
concepts have been published [11, 10, 14].

1 CO� Surface Condensation Modes

The condensation of the predominant gas in an atmosphere by
radiative cooling yields the prominent seasonal polar caps on
Mars. This process has no terrestrial analogy, which limits our
intuition. This process is difficult to impossible to simulate in
the laboratory because the natural force that allows condensa-
tion at a location other than at the coldest boundary (which sets
the radiation balance) is gravitation, yielding a characteristic
scale-height on Mars of 7 km. A practical laboratory scale
would require a physical barrier that is completely transparent
to thermal radiation,

The altitude at which CO� condenses in the martian winter
has been largely clarified by TES observations. This problem
was studied by Forget et al.[2]. They found that significant
condensation occurs in the atmosphere initially with small
grain sizes, which then rapidly grow to the order of 100 �m.
However, the large grain sizes implied by the TES observations
in many areas in the polar night indicate that most of the
condensation occurs at the Martian surface. TES spectra in the
25 �m region indicate that the “cryptic” regions of cold-dark
polar material consist of a CO� non-scattering slab composed
of indeterminately large grains.

For condensation of a nearly pure gas by radiative loss
there can be two end-member solutions for the form of the
solid. If the abundance of non-condensing gases is negligible,
so that a diffusion gradient of the condensing material is not
involved, then a thick slab can form. This is particularly
true when the amount of gas between the condensation site
and the low-radiation background (space) is large enough that
significant path lengths in the solid are needed to generate
appreciable emissivities outside the bands in which the gas
absorbs. In this case, which holds for Mars, the dominant
radiative loss of the condensate is from inside the bulk material.
Growth perturbations outward from a planar solid interface,
such as a crystal spike growing upward, have a poor conductive
path to the bulk solid which, in turn, can radiate away the latent
heat of condensation. Lacking a diffusion gradient at the tip
of such a spike, the condensation rate is limited by conductive
heat loss, not by abundance of molecules in the gas phase,
and this tip is at a disadvantage for condensation relative to
the bulk solid. Thus these perturbations do not grow, and the
expected steady state form is a thick slab with a smooth surface.
Such slabs are observed to grow in laboratory conditions of

pure condensing gases [8], although in those cases the thermal
gradient internal to the slab results from conduction to a cold
substrate rather than by radiative cooling.

In the presence of some amount of non-condensing gas,
e.g., the 5% of N� plus Ar on Mars, at the micro-physical
level there will be some diffusion gradient of the condensing
gas toward the condensation sites. If one assumes that both
the temperature gradient and the concentration gradient of the
condensate are linear across this layer, as would be expected
for steady state conditions, then, because of the nonlinear de-
pendence of saturation pressure upon temperature, the partial
pressure will be above the saturation pressure throughout this
layer. Under this condition, if there is adequate heat conduc-
tion down the spike into the substrate (from which radiation is
efficient), then spikes sticking up into this diffusion gradient
become the favored site of condensation and they will grow
more rapidly than locations deeper into the diffusion gradi-
ent. The steady state solution for the form of such a growing
deposit is long columnar crystals oriented along the diffusion
gradient. Such deposits also are observed to form in labora-
tory conditions of substrate cooling when small amounts of
non-condensing gas are introduced into the chamber [8, 9].
This process of growth in a diffusion gradient gives rise to the
beautiful H�O hoar frost crystals which can be seen on calm
terrestrial winter mornings.

Although it has been shown that enriched layers of the
non-condensing Martian gases (nitrogen and argon) would be
dynamically unstable [5], this process likely occurs at the
micro-physical level, e.g., at the scale of frost grains. The
requirement to address this process is a model of the stability
of a gravitationally unstable diffusion gradient at the scale of
millimeters or less when the primary gas is condensing with
net flow downward toward the surface.

TES observations indicate that both the slab growth and de-
position of fine-grain CO� condensates occur in the polar night
and that different condensation processes are dominant in dif-
ferent locations. Also, fine-grained CO� condensates (frost)
can undergo rapid metamorphism into a nonporous (and hence
non-scattering for a non-birefringent material such as solid
CO� ) polycrystalline layer[1]. The reason for the geographic
distribution of the cryptic material is unknown.

2 Radiation Balance in a Pure Solid CO� Slab

During the polar night, the radiative balance of surface CO� will
be negative (barring an extraordinarily warm atmosphere).
With the Sun above the horizon, solar radiation penetrates
deeply into pure CO� . The relative absorption lengths for
solar and thermal energy become important.

Using the optical properties of solid carbon dioxide [4],
the penetration of solar energy into a slab of CO� can be
calculated as
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where �� � ���� � ��� ��� ���
� is the sunlight that is

refracted into the slab surface, �� is the Fresnel reflection
coefficient, � is the incidence angle (measured from zenith),
� the heliocentric distance in Astronomical Units, 	 is the
path length from the surface along the refracted path and 
� �
�� ��������� is the absorption length; �� and �� are the real
and imaginary parths of the comples index of refraction.

A similar calculation at thermal wavelengths replacing
����

� with the Planck function (with � � �	Æ to represent
the upper hemisphere) yields the effective visibility of space
to thermal energy within the slab.

For typical polar summer conditions (incidence angle of
65Æ, � � �
), 2/3 of the solar energy penetrates 1m into pure
solid CO� , whereas thermal flux is reduced to 50% in 3.7 mm.
The top 2 mm of the slab are in net radiative loss; below that
absorption of insolation results in net heating.

3 Dirty CO� Ice

Mars atmosphere is generally dusty with particles of radius
on the order of 2 �m[7, 15]. During the CO� condensation
season, atmospheric dust grains probably act as condensation
nuclei; perhaps first for H�O and then for CO�. The pro-
portion of dust in the CO� cap has not been measured, but
is reasonably assumed to be near the average abundance of
dust in the atmosphere. Using an average visual opacity of the
atmosphere of 0.5 yields a dust abundance of about 1.5��	��

kg m�� or roughly 2��	�� by mass. Because the particle
size is smaller than thermal wavelengths, the presence of em-
bedded dust will make little change to the thermal radiation
environment, but will shorten substantially the solar absorp-
tion lengths, narrowing or removing entirely the surficial layer
with net radiation loss.

Using the above values, and densities of dust grains and
solid CO� of 2300 and 1600 kg m�� , respectively, corresponds
to a mean dust grain separation of�130 �m. If a seasonal cap
budget of 1000 kg m�� is adopted [11], the mass of dust in
the cap is 0.02 kg m�� and the geometric opacity of the dust
in the cap is �1.6. The visual opacity of dust in the slab at
sunrise will be roughly the average opacity of the southern
atmosphere during the condensation season times the ratio
of slab to atmospheric mass, or �3.3, in agreement with the
geometric opacity if the scattering efficiency is taken as 2.0, as
expected from Mie theory.

4 CO� Self Cleaning by Entrained Dust Movement

A first approximation is that for a dirty CO� slab, all of the
solar energy is absorbed by the dust grains. However, because
the surrounding CO� is isothermal, this radiation absorbed
by the grains must go into sublimation of solid CO� . If the
local material is impermeable, a high-pressure pocket of gas
will form around the grain and local elastic deformation will
increase the pressure in the solid CO� , allowing some heat to

be absorbed without sublimation; no quantitative calculations
of this process have been done. The warmer grain cannot be
in direct contact with the CO� , but must rest on a microscopic
layer of gas at the bottom of its vapor prison. If the local gas
bubble does not rupture, there will be a downward migration
of the bubble through the solid as vapor re-condenses on the
roof of the bubble, the location most distant from the grain
and hence coolest, and the grain will "burrow" downward as
sublimation continues under the grain. Thus, a sealed finite
vertical columnar hole will travel downward with the grain.
When the grain reaches the bottom of the impermeable layer,
it will be ejected downward. This self-cleaning, self-annealing
process will tend to reduce the amount of dust in the ice through
the spring. Because the net solar flux is greater toward the top
of the slab, the uppermost particles will move most rapidly,
resulting in concentration of dust as a descending "curtain" in
the slab, leaving clean ice above.

A quantitative model of the vertical migration velocity of
a grain and its sealed gas envelope is wanting.

If the environment is permeable, or if the bubble fractures,
the grain may be carried along in the streaming gas. The gas
velocity in a tube must be higher than the regional sublima-
tion wind; that net vertical gas velocity is related directly to
the regional albedo and is easily computed ([11]section 12.2).
Bright (� � 	�) and dark (� � 	�
) regions can loft grains
smaller than �2 and �7 �m radius, respectively. Thus, dust
grains which entered the seasonal cap from the atmospher can
be carried out of a CO� slab.

5 Development of Pathways and Vents

The net positive radiation divergence near the surface of pure
CO� , as described above, will tend to seal small holes in the
surface layer. Porosity will generally be sealed in a region
that grows downward from the surface. Thus, the gas formed
by springtime sublimation generally cannot diffuse upward
through the CO� deposit. The gas resulting from net sublima-
tion below the surface must escape somewhere and will hold
open some set of larger holes. Because the gases in these vents
will have some entrained dust, they can continue to absorb
solar radiation, transfer energy to the vent walls, and remain
open and grow. Also, gas under an impermeable CO� slab
could reach pressures several times the atmospheric surface
pressure. The saturation temperature under a 1000 kg m��

slab would be 162K, enhancing the ability of venting gas to
enlarge the pathways. Because higher velocities are possible
and because of the �� heat flow versus the �� circumference,
larger holes/paths will grow at the expense of smaller ones.

To the extent that solar energy penetrates to the bottom
of the seasonal CO� slab, gas will be released beneath the
slab and must find some path to the open atmosphere. It may
travel laterally underneath the slab to vents, cracks, or even to
the edge of the seasonal deposit. It is difficult to predict the
spacing of such vents, but they collectively must carry the total
sublimation gas flux of about 10 kg m�� /day. It seems likely
that the spacing between major pathways would be no more
than a couple orders of magnitude greater than the thickness
of the slab, or a few hundred meters. This is what is actually
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observed.
As the effective vents are separated by substantially more

than the slab thickness, gas velocities will become far greater
than required to suspend dust particles, and any sub-slab lat-
eral transport may begin erosion of underlying loose material.
Once the velocity exceeds the fluid threshold [3], erosion will
begin, although the details of saltation versus suspension may
be quite different in a thin layer confined both below and above
than for the normal condition of a free upper boundary.

The sub-slab lateral gas velocity will depend upon the
geometry of the flow; the average velocity must initially de-
creases away from the vent. It seems likely that the circularly
symmetric case of gas radially converging to a vent is not sta-
ble and that channels will develop. Because the soil thermal
inertia of the Cryptic region is low, it is likely that the surface
material is incohesive and that channelized flow will develop
by scouring, beginning near the vents and radiating outward.
Although velocities on the order of 10 m/s are required to ini-
tiate transport of fine material by saltation [16, 3], injection of
dust released from the CO� into the lateral flow may initiate
motion and scouring at lower velocities; 2 mm/s vertical ve-
locity is adequate to maintain atmospheric dust in suspension.
Also, the initial gas flow is likely to be diffuse flow through
the soil (versus stream flow above the soil in classic saltation),
and small soil grains may begin to move well before saltation
threshold velocities.

Dark radially converging dendritic patterns are visible in
MOC images of some portions of the spring polar cap, these
have been termed "black spiders" by the MOC team [6]. In
this model, these patterns represent channels formed by sub-
slab channelized flow of the sublimation gas toward the vents.
Increasingly large particles could become entrained closer to
the vent.

The velocity in the vents will be approximately 		
��

m/s, where � is the ratio of vent separation to vent diameter.
For example, for vents 1 m in diameter spaced by 100 m, the
gas velocity would be 50 m/s. When the jets exhaust into
the atmosphere and velocities decrease, the coarser entrained
material will fall out in the prevailing downwind direction. In
this model, the oriented dark fans seen in the MOC images
are caused by this process. This is an exotic model that agrees
with observations thus far. It predicts that the dark fans will
be oriented into the prevailing wind, that they are seasonal and
will disappear with, or shortly after, the CO� is gone, and that
the "black spiders" will be found only in the Cryptic region.

Once a vent has grown to a radius larger than the slab thick-
ness, wall erosion by warm venting gases becomes relatively
less important, and the growth of the dark (hence warmer)
spot by local re-radiation and by warming of the atmosphere
immediately over the bare ground, which can waft over the
neighboring frosts, will cause the defrosted areas to grow,
much as terrestrial spring snow cover recedes by the growth
and combination of many small defrosted spots.

Darks vents are generally, but not exclusively, associated
with dunes. Vents can progress into dark spots (Dalmatian
spots) which grow monotonically until they coalesce. Dark ha-
los commonly develop around the Dalmatian spots; these have
been termed (“fried-eggs” based on their symmetry and pro-
portions. Many MOC images of the seasonal cap in summer-

time show great variegation of reflectance, interpreted to be in-
complete solid CO� cover [13]. Sequences of images show the
development of evenly-distributed circular darks spots, which
may represent the evolution of vents, commonly spaced by
order 100 m, that gradually expand to consume the seasonal
cap.

This model has been supported by a survey of the loca-
tion of “spiders” in MOC imaging which shows that they are
largely confined to the Cryptic region and their centers gener-
ally correlate with the location of fans[12]. Spiders commonly
persist as low relief features through the summer[12].

Most of this story has been developed from observations
of the south polar cap. The north and south caps seem to be
somewhat different in terms of the abundance of these features;
e.g., spiders have not yet been identified in the north.

6 Summary

Deep in the martian polar night, there is some CO� snowfall,
but most of the solid CO� takes the form of a uniform, contin-
uous, non-scattering slab with embedded dust (and H�O ice)
grains. Following seasonal sunrise, in some areas the ice
brightens due to fracture or surficial frosting, but in other areas
the slab persists to form the cryptic regions. The solar energy
is largely absorbed by the dust grains, which either burrow
downward or escape upward, cleaning the CO� slab which
anneals small holes near its surface. Sunlight then penetrates
to the bottom of the slab, warming the soil and subliming ice
from the bottom. Widely spaced vents develop that allow the
gas to escape. As the sub-slab gas converges toward the vents,
it scours the soil surface along ragged channels (spiders). Dust
entrained in the jetting gas falls out downwind to form fans.
The vents enlarge to become Dalmatian spots, some of which
form fried-egg halos; these enlarge to consume the seasonal
cap. Only the topographic ghosts of the spiders persist through
the summer.

Here is a short list of remaining known puzzles, it seems
sure to grow!:
- The basis for the geographic distribution of cryptic terrain.
- Why do cryptic regions repeat year to year?
- The basis for the location and spacing of the fans and spiders.
- The causal process for the dark halo “fried eggs”.
- Quantitative theory of the formation and velocities of dust
bubbles.

THEMIS thermal images of the evolution of this menagerie
are expected to be quite helpful in elucidating the processes.
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Introduction: A first-order requirement of space-

craft missions that land on Mars is instrumentation for 
in situ mineralogical analysis. Mössbauer Spectros-
copy is a powerful tool for quantitative analysis of Fe-
bearing materials. The Athena Mössbauer spectrome-
ter MIMOS II on the martian surface will provide (1) 
identification of iron-bearing phases (e.g., oxides, sili-
cates, sulfides, sulfates, and carbonates), (2) quantita-
tive measurement of the distribution of iron among its 
oxidation states (e.g., Fe2+/Fe3+ ratio), and (3) quantita-
tive measurement of the distribution of iron among 
iron-bearing phases (e.g., the relative proportions of 
iron in olivine, pyroxene, and magnetite in a basalt) in 
rocks and soils. Mössbauer data will also be highly 
complementary with chemical analyses from the 
APXS and the Mini-TES compositional data. Mars is a 
particularly good place to do Mössbauer mineralogy 
because its surface is iron rich (~20% Fe as Fe2O3 [1-
3]). Mössbauer spectrometers that are built with back-
scatter measurement geometry require no sample 
preparation, a factor important for in situ planetary 
measurements. 

The Mössbauer Effect: Iron Mössbauer spectros-
copy makes use of the resonance absorption of 14.4 
kev γ-rays (the Mössbauer effect) by 57Fe nuclei (2.2% 
natural abundance) in a solid to investigate the split-
ting of its nuclear energy levels that is produced by 
interaction with the surrounding electronic environ-
ment. 57Co, which decays to the proper excited state of 
57Fe, is normally employed as the source of the γ-rays. 
In general, the nuclear energy level structure of the 
absorber will be different from that of the 57Co source 
(because of different oxidation states, chemical envi-
ronments, and/or magnetic order), which requires 
modulation of the energy of the source γ-rays to 
achieve resonance. This is done using the Doppler 
effect, by mounting the 57Co source on a velocity 
transducer and moving it with respect to the absorber. 
A backscatter (transmission) Mössbauer spectrum is 
the relative number of γ-rays per second re-emitted 
from (passing through) an absorbing sample as a func-
tion of the relative velocity between the source and 
sample. Phase and oxidation state identification are 
determined from peak locations in the Mössbauer 
spectrum, and peak areas are measures of concentra-
tion. The Mössbauer parameters are temperature de-
pendent, and therefore the Mössbauer spectrum will 

depend on the measurement temperature. In addition 
the properties of the absorber may vary as a function 
of temperature and therefore the MB spectrum. 

The MIMOS Instrument: The MIMOS II Möss-
bauer spectrometer system, which is designed and fab-
ricated at the University of Mainz (e.g.[4]), was origi-
nally developed for inclusion on the Russian Mars 98 
rover mission. Since then, it has gone through several 
generations of evolutionary prototypes, finally emerg-
ing in the built of the flight units for the NASA Mars-
Exploration-Rover 2003 twin-mission and the ESA 
Mars-Express-Beagle-2 2003 lander mission. In prepa-
ration of these missions a prototype MIMOS II instru-
ment was successfully tested (data taken under semi-
real conditions) on the Rocky-7 Mars prototype rover 
during the May, 1997, field tests in the Mojave desert 
[1], and on the FIDO rover during the May 1999 field 
tests at Silver Lake, California. The MIMOS II system 
is intrinsically simple, rugged, and has sufficient radia-
tion shielding to protect personnel and other instru-
ments. For Athena, the instrument is split into two 
parts: the detector head is mounted on a robotic arm 
and the printed circuit board, which has the circuitry 
for the instrument control, data acquisition and stor-
age, and communications, is located in the rover’s 
warm electronics box. The main components of the 
detector head are the 57Co radiation source and shield-
ing, velocity transducer (drive), and silicon PIN diode 
radiation detectors and their pre- and main-amplifiers. 
The 57Co source is embedded in a solid rhodium metal 
matrix which is attached to a titanium holder. The 
drive has a unique miniature double voice coil elec-
tromechanical design. The total weight of the MIMOS 
II is about 500 g (400 g for the detector head and 100 
g for the printed circuit board, not including the har-
ness). The dimensions of the instrument are about 
90mm x 50mm x 40mm for the sensor head, and 
160mm x 100mm x 25 mm for the electronics board. 
The power consumption is in the order of 2 W. The 
instrument has been fully tested over the expected 
temperature range (operating: -120oC to +40oC Sensor 
head; -50oC to +40oC electronics board). 
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Figure 1. Backscatter Mössbauer spectra (~290 K) 

obtained with the MIMOS II instrument for Martian 
surface analogues (after [5]). 

 
The 57Co radioactive Mössbauer source intensity of 

about 300 mCi at launch will give a 6-12 hr time for 
acquisition of a standard MB spectrum on Mars, de-
pending on total Fe content and which Fe-bearing 
phases are present. Measurements will be done by 
placing the detector head against the rock or soil to be 
analyzed. Physical contact is required to minimize 
possible microphonic noise on the velocity-modulated 
energy of the emitted γ-rays. The field of view of the 
instrument is circular (diameter ~1.5 cm). The average 
information depth for Mössbauer data is 200 to 300 
µm, assuming basaltic rock composition. The instru-
ment monitors temperature, and adjusts integration 
periods to assure that the variation in ambient surface 
temperature during acquisition of a single spectrum is 
not larger than about ±10 °C, minimizing spectral 
smearing associated with temperature-dependent 
mode. Figure 1 shows backscatter Mössbauer spectra 
obtained with the MIMOS II instrument in the labora-
tory for five Martian surface analogue samples [5]. 
Figure 2 and 3 show some of the spectra obtained with 
the flight instrument during the Athena payload inte-
grated systems test in May 2000 at JPL.  

 

 
Figure 2. Backscatter Mössbauer spectrum (~290K) of 
a sample of Banded Iron Formation (BIF), obtained 
with the MIMOS II flight unit during APEX system 
test May 2000. The spectrum is dominated by the 
hematite signal (red six line pattern). A minor contri-
bution (close to zero) of a Fe3+ doublet component 
might be present. 

 
Figure 3. Backscatter Mössbauer spectrum 

(~290K) of a sample of a rock composed of 40% Fe-
rich pyroxene, obtained with the MIMOS II flight unit 
during APEX system test May 2000. The spectrum is 
dominated by a pyroxene signal (Fe2+), with a 10% 
(whole spectrum area) contribution of an Fe3+ doublet 
component, also belonging probably to the pyroxene 
mineral. 

 
Calibrations: Comparison of Mössbauer spectra 

(293 K) in backscatter and transmission geometries for 
Martian analogue samples were performed. An exam-
ple is depicted in Figure 4. Backscatter spectra (512 
velocity channels folded to 256 channels) were ob-
tained using a prototype MER spectrometer, and 
transmission spectra (1024 velocity channels folded to 
512channels were obtained using a laboratory spec-
trometer. HWMK600 and HWMK24 are the <1 mm 
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size fractions of palagonitic and jarositic tephra from 
Mauna Kea Volcano (Hawaii). AKB-1 and BCS-301 
are an amygdaloidal basalt (Michigan) and an iron ore 
(Lincolnshire, England). MAN-74-342A is an impact 
melt rock from Manicougan Crater (Quebec, Canada). 
Mössbauer spectra depicted in Figure 4 are adapted 
from Morris et al. [6-9]. 

-12 -8 -4 0 4 8 12
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MER (backscatter)
MAN-74-342A
(hematite + oct-Fe(3+))

Lab (transmission)

BCS-301 (goethite +
Fe-carbonate)

MER (backscatter)

Lab (transmission)

AKB-1 (hematite + oct-Fe(3+)) MER (backscatter)

Lab (transmission)

HWMK24, <1 mm
(jarosite)

MER (backscatter)

Lab (transmission)

HWMK600, <1 mm (magnetite + 
olivine + oct-Fe(3+)

MER (backscatter)

Lab (transmission)

 
Figure 4. Comparison of Mössbauer spectra (293 

K) in backscatter and transmission geometries for Mar-
tian analogue samples.  

Data Analysis: A very specific Mössbauer data 
base were build taking into consideration the needs of 

the Mars Missions. The information published at the 
literature were carefully analyzed. The most relevant 
variables that may lead to changes of the Mössbauer 
parameters of each mineral were reported in the data 
base records. The stored Mössbauer parameters were 
used to train an artificial neural network making possi-
ble a fast and save mineral identification from its 
measured Mössbauer parameters [10, 11]. Before the 
first Mössbauer spectrum being obtained on Mars sur-
face, early in 2004, several and exhaustive tests are 
planed to be carried out. 
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Abstract: 
 
The Micro-End Effectors (MEE) system was developed by The Hong Kong Polytechnic University covers all as-
pects of planetary explorations. 
 
All sampling tools can be divided into six catalogues: 
 
1) Surface sampling 
2) Subsurface sampling 
3) Surface coring 
4) Subsurface coring 
5) Zero gravity sampling 
6) Rind Grinding 
 
It is designed for long hauled missions with low payload. e.g. Titan- Europa Planets with exobiology values and 
Mars Rock Corer is responiable for the world 1 ST planetary rock coring in our solar system for ESA 2003 Beagle 2 
Mars Lander.   
 
For more information,  
please visit http://www.hkmars.net 
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MORPHOLOGY OF THE HIGH-LATITUDE MANTLE IN NORTHERN PLAINS ON MARS.  
V.-P. Kostama1, M. A. Kreslavsky2,3 and J. W. Head2, 1Astronomy, Dept. of Physical Sciences, University of Oulu, 
Oulu, FIN-90014, Finland; 2Dept. Geological Sci., Brown University, Providence, RI 02912-1846, USA; 
misha@mare.geo.brown.edu, 3Astronomical Institute, Kharkov National University, Kharkov, Ukraine. 

 
Introduction: The complex of polar deposits (the 

polar cap, its icy outliers and dune fields) at the North 
pole of Mars is surrounded by vast generally flat geo-
logically homogeneous plains. These plains at high 
latitudes (>~55°) are covered with a thin geologically 
young mantle with specific decameter-scale surface 
texture [1, 2] containing much water ice [3, 4]. High-
resolution MGS MOC images [1] showed many circu-
lar features interpreted to be mantled craters [1] (see 
Fig. 118, 119 there). Our objective is to access geo-
logical processes that occurred in the region during the 
Amazonian, and the relative and absolute time scales 
of these processes, including those related to the origin 
of the shallow subsurface ice. To approach this goal, 
we studied the size-frequency distributions of circular 
features of different morphology, as well as peculiari-
ties of the surface texture. We are carrying out a sys-
tematic survey of the high-resolution MOC images in 
the region. This work is in progress; here we report 
some preliminary observations. 

 

 

 
Fig. 1. Typical textures of the mantle in the northern plains: 
A - basketball texture, B – regular texture, C – wrinkle tex-
ture, D – polygonal texture. Portions of E01/01975, 
E04/00026, E01/01868, and E04/00028, respectively. Sam-
ples are 0.9 x 0.9 km, illumination is from lower left. 

Survey: We systematically overview the mantle 
texture, study morphology and measure diameters of 
the circular features in the northern plains northward 
from 55°N using the narrow-angle MOC images. For 
the systematic survey we use images of 4.8 m/pix reso-

lution. This resolution was chosen because a large 
number of such images were taken during cycles from 
E01 to E05, when observational conditions in the re-
gion were mostly good. For each image, we register 
the morphological types of mantle texture present in 
the image, and classify and measure all circular fea-
tures from 50 m to 1 km. Although we try to do the 
survey as homogeneously as possible, the ability to 
identify the features and textures differ from image to 
image due to the differences in atmospheric scattering, 
illumination geometry, presence of contrasting albedo 
features on the scene, electronic settings of the camera, 
etc. Consequently, analyzing the survey results, we 
should be aware of possible latitudinal (illumination) 
and regional (albedo pattern) biases. Nevertheless, we 
are sure, that in the surveyed images we identified all 
fresh features larger than 50 m that disrupt the mantle. 

Texture: In the northern plains, the mantle has 
very distinctive decameter-scale surface textures seen 
in the images (Fig. 1). The "basketball" texture (A in 
Fig.1; also Fig. 123 D in [1]) is the most typical and 
wide-spread one. The best highest-resolution (1.6 
m/pix) low-sun images show that the knobs are dome-
shaped, with the steepest slopes <6°. In some places, 
the knobs forming the basketball texture are organized 
into highly coherent linear structures (Fig. 1 B, see 
also Fig. 123 E in [1]) forming a regular texture. The 
wrinkle texture (Fig. 1 C) is also very common. The 
polygonal texture (D) occurs rarely and in relatively 
small patches (several km). Spatial scale of the tex-
tures differs from site to site for a factor of 3; often it 
is smaller than shown in Fig. 1. The texture of the 
shortest spacing is often hardly distinguishable in the 
images. The polygonal texture of the mantle differs 
from polygons that are observed in a number of sites in 
the northern lowlands and have typical morphology 
and pattern of the terrestrial permafrost regions (e.g., 
Fig. 123 B in [1]). The latter polygons have an order of 
magnitude larger spacing and different morphology. 

Local variations of the patterns are often modulated 
by kilometer-scale topography. More pronounced bas-
ketball texture tends to occur in local lows. The wrin-
kle texture on slopes of km-scale knobs has a radial 
orientation.  

There are latitudinal variations in the patterns. Lati-
tudinal occurrence of them is illustrated in Fig. 2. The 
regular texture tends to occur at higher latitudes. The 
polygonal texture occurs at high latitudes above 70ºN 

A B 

C D 
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only. Wrinkle texture is rare in this high-latitude zone. 
There are also some regional variations. They can be 
biased because of different observational conditions in 
the regions. 
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Fig. 2. Latitudinal distribution of the mantle texture 
occurence (left) and pits and fresh craters (right). Actually 
plotted is the percentage of the good-quality images having 
given features within the latitudinal zones. 

Erosion: The mantle is surprisingly continuous in 
60-80° latitude zone. At the highest latitudes there are 
several examples where the mantle is eroded on steep 
slopes exposing its layered structure. Below 60° lati-
tude the erosion is ubiquitous and occurs not only on 
slopes, but also on flat surfaces. Often erosion of the 
mantle produced specific dissected patterns described 
and surveyed in [6]. We saw clear examples showing 
that the typical dissection from [6] is dissection of the 
mantle with characteristic basketball texture. In many 
sites, however, the dissection does not take place, and 
the eroded edges of the mantle form lobate scarps. 

Modified circular features: Circular features in 
the northern plains have a wide range of morphologies 
from well-expressed impact craters covered with the 
textured mantle (Fig. 3A) to hardly distinguishable 
circular chains of lineaments and/or arcuate albedo 
markings (Fig. 3B upper left). The ability to distin-
guish features of the latter type strongly depends on 
the observational conditions and the presence and na-
ture of the albedo markings on the surface. In addition, 
for such features it is not clear what should be consid-
ered as the feature diameter. When circular lineament 
chains were observed, we used the outermost circle for 
diameter measurements. If only albedo markings were 
seen, we used the inner arcuate albedo contrast, be-
cause in many cases where both lineaments and mark-
ings are present, the markings were outside the linea-
ments. Impact origin of features of this type is not 

completely clear. They are usually associated with 
local highs (gentle knobs forming the surface of the 
Vastitas Borealis Formation). We found a series of 
transitional morphologies between clearly expressed 
impact craters (Fig. 3A) and the subtle features, which 
can be considered as evidence for their impact origin. 
 

 
Fig. 3. Two portions of E02/01380, 1.4 km wide. Illumina-
tion is from lower left. B has 30% higher contrast than A. A, 
impact crater, covered with mantle. B, subtle circular feature 
in the upper left, fresh small impact crater (60 m) in the 
lower right. 

The size-frequency distribution of all modified cir-
cular features is close to that should be expected for an 
accumulation population of the impact craters [5], with 
some shortage for small diameters, which is natural, 
taking into account strong degradation and alteration 
processes. 

We are not sure, however, that all mantled circular 
features in the region are old modified impact craters. 
In some images they are apparently too clustered to 
represent randomly accumulating population. The 
clustering might result from regional variations of 
mantling and modifications; the clusters can be formed 
with secondary craters from large distant impacts; fi-
nally, the features could have endogenous origin. 

Pits: In the 55°N -70°N zone there is a number of 
examples of small circular or quasi-circular depres-
sions not similar to impact craters in their morphology. 
Some of such features clearly have collapse origin. 
There are several large clusters of pits, some of the pits 
in the clusters are fresh, but the majority of them are 
covered with the typically textured mantle (Fig. 4). 
Many pits have a form of concentric steps (Fig. 4B); 
the steps are probably related to several layers of the 
mantle. There are examples where the pits are covered 
with mantle with characteristic texture, while the small 
patch at the bottom looks fresh, which could mean 
reactivation of the collapse process. The size-
frequency distribution of the pits in the clusters is 
steeper than the impact crater production function. 
This means that the pits can hardly be a result of the 
impact crater degradation.  
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Fresh craters: At the high latitudes (>70°N) the 
mantle is mostly intact, with some erosion and removal 
at the steepest slopes of large (>10 km) impact craters. 
So far, we identified 4 small circular features, almost 
certainly impact craters superposed on the mantle and 
somewhat degraded.  
 

 
Fig. 4. A. Portions of E02/00200. A few pits; the larg-
est one is a fresh collapse feature with steep slopes, 
others pits are covered with the mantle in different 
degrees. B. Portions of E02/01984. Pits covered with 
the mantle. Small sharp feature in the upper right cor-
ner could be a fresh impact crater (40 m). Both images 
are 1.4 km wide; illumination is from lower left. 

Several images at latitudes <70°N contain a set of 
small sharp circular depressions, apparently randomly 
scattered over the image; a few of them sometimes are 
larger than 50 m, other are smaller (see examples in 
Fig. 3B, 4B). This situation is very similar to that 
should be expected for an accumulating population of 
impact craters. There are a few tight pairs of small 
craters in such images, which is natural because of 
probable breakup of small projectiles in the atmos-
phere. The crater density calculated over several im-
ages with such probable impact crater population gives 
an age estimate on the order of 1 Myr, using the Neu-
kum production function recalculated for Mars [5]. 
This estimate is highly uncertain, because (1) this is 
statistics of a few craters; (2) the recalculation of the 
production function is accurate within a factor of 2 [5]; 
(3) the extrapolation of the projectile flux established 
for 100s Myr time scale down to 1 Myr time scale is 
poorly grounded; (4) atmospheric attenuation of the 
projectile flux is uncertain.  

There are many images in the lower latitudes 
(55°N - 60°N), where there are definitely no impact 
features. This observation suggests, that the crater re-
tention age of the mantle in different locations differs 
at least by an order of magnitude. The crater retention 
age difference can be explained in two ways. (1) Man-
tle emplacement age can differ between high and 
lower latitudes, and between different areas at lower 
latitudes. This means that there were many episodes of 
the mantle emplacement. The contacts between man-
tles of different age may not be recognized as such 
because the MOC image coverage is too patchy. This 

question about the presence of such boundaries can be 
addressed with Mars Odyssey THEMIS visible and 
day infrared images. (2) A large part of the mantle 
could be protected from impacts by a decameters-thick 
layer of icy deposits similar to the present polar cap 
outliers and persisted during long part of the mantle 
lifetime span. The polar cap contains much enough ice 
to provide necessary material for this coverage. Rela-
tively recent sublimation of such protecting layer and 
migration of the ice to the northern polar cap can form 
hectometers-thick young layer on the cap and be re-
sponsible for its young crater retention age [e.g., 7]. 
Areas with accumulating population of fresh impact 
craters at lower latitudes can be due to gaps in the pro-
tecting ice sheet at lower latitudes. 

Formation of the high-latitude mantle or its indi-
vidual layers is probably attributed to periods of high 
obliquity [e.g., 2], when atmospheric water abundance 
and mobility were higher, and winds and dust lifting 
were more intensive. The accuracy of age determina-
tion with craters do not allow to distinguish between 
the most recent periods of moderately high (~35°) 
obliquity about 0.3 Ma ago and extremely high (>40°) 
obliquity at earlier periods (>4 Ma ago) [8].  

References: [1] Malin M. C. and Edgett K. S. 
(2001) JGR 106, 23429-23570. [2] Kreslavsky M. A. 
and Head J. W. (2002) GRL 29, 10.1029/2002GL 
015392. [3]. Tokar R. L. et al. (2002) GRL, 29, 
10.1029/2002GL015691. [4] Mitrofanov, I. G. et al. 
(2003) LPS XXXIV, Abstract # 1104. [5] Ivanov B. A. 
(2001) Space Sci. Rev., 96, 87. [6] Mustard, J. F. et al. 
(2001) Nature, 412, 411-414. [7] Herkenhoff, K. E. 
and Plaut, J. J. (2000) Icarus, 144, 243-253. [8] 
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Introduction:  Data from the Mars Orbiter Cam-
era (MOC) and the Mars Orbiter Laser Altimeter (MOLA) 
aboard the Mars Global Surveyor (MGS) mission have pro-
vided important new clues to the past history of the south 
polar layered deposits (SPLD).  There are distinct features 
presented here that have been observed almost exclusively 
with these data sets and are unique to the south polar region 
of Mars.  Crawford et al. [1] have studied these features 
initially and we now present the current perspective on this 
region after a period of detailed study.  We present a descrip-
tive discussion and provide evidence for different possible 
interpretations.  Although we do not conclusively know the 
origin of these features, we consider that subglacial volcan-
ism as well as strong surface winds may have been active in 
forming these features visible today. 

Regional Description:  Enigmatic large-scale 
grooved features, termed here the “Wire Brush” terrain, be-
came evident from the MOLA topographic shaded relief 
map. The precise topography data was better suited to ex-
pose subtle surface features that were poorly resolved in 
visual images.  This region can be identified in Viking cov-
erage of this area (image f307a88) and shows that the 
grooves possibly have a connection with the current residual 
cap. This unusual area of grooved terrain occurs in the region 
190° - 230° W, 85° - 87°S (no MGS coverage south of 87°), 
shown in Figure 1 and Figure 2.  At the poleward tip of 
Chasma Australe is the only other location where we see this 
grooved pattern on Mars.  The grooves are suggestive of 
erosion by an external agent that maintained a coherent pat-
tern over several hundred km scale.   

The overall grooved pattern is continuous for more 
than 300 km, though tracing of individual grooves is difficult 
to do with certainty for more than about 50 km.  The grooves 
do continue linearly across local topography and are several 
hundreds of meters across with vertical relief of only a few 
tens of meters.  The slope over the extent of the wire brush 
terrain is very slight and the grooves to do not seem to be 
influenced by any larger scale topography.  The grooves also 
seem to cut right across smaller topographic features, not 
deflected by them in local areas.  This is shown in Figure 3.  
A feature observed using the MOLA data has been resolved 
in the MOC Narrow Angle (NA), showing how the linear 
grooves cut right over a circular feature (example image 
m1001286). Using the MOC NA images it is also possible to 
observe that individual grooves have undergone significant 
weathering (example image m1200517). 

There are numerous, unique features in association 
with the Wire Brush that may provide other clues to origin 
and timing of formation of the large-scale grooves.  There 
are sinuous positive features cross-cutting the Wire Brush 
which we have termed “Snakes”.  The association of the 
Snakes with the Wire Brush Terrain is highlighted in Figure 
2.  The Snakes are as much as 2 km in width and tens of km 
long, though are only a few tens of meters in relief relative to 

the surrounding terrain.  The presence of such vertical fea-
tures is unusual.  It could imply an episode of deformation or 
fracturing that has been filled subsequently with more resis-
tant material than the surrounding layered deposits.  Individ-
ual snakes have differing structural properties and differing 
appearances in MOC NA image coverage.  Some of the 
Snakes appear to expose many layers on one side and none 
on the other, whereas other Snakes seem to show no layering 
at all.  The Snakes are found primarily within the Wire Brush 
region but do extend out from this region as well.  One 
Snake extends into an adjacent elongated depression and can 
be seen to interact with layering in this adjacent chasma.  
The walls of the chasma are finely layered and these layers 
are continuous, traceable over tens of km through different 
MOC NA frames.  The layers near the location where the 
Snake coincides with the wall of this chasma are highly de-
formed.  MOC NA m1002701 illustrates this deformation of 
the layers by the Snake feature.  This adjacent chasma is 
possibly a significant feature in association with the Wire 
Brush terrain.  Unlike Chasma Australe, this chasma does 
not cut all the way through the layered terrains to the under-
lying basement rock and does not have an outlet.  Given the 
positions of these two chasmas, on both sides of the Wire 
Brush Terrain, it is possible that all of these features have a 
similar origin.    

Another interesting component of the Wire Brush 
and adjacent region is the presence of small, circular pits.   
They are found distinctly in the regions 190° - 230° W, 85° - 
87° S and 135°-175° W, 85°-87° S.  A search of the south 
polar layered deposits using MOC imagery data through 
extended mission 12 (e-12) has been done in the search area 
for impact craters designated by Koutnik, et al.[2].  Out of 
this entire search area, these potholes are found only within 
the two bounds listed above.  Most interesting is that the 
potholes are predominantly found in association with the 
Wire Brush Terrain.   
 The distribution and morphology of these features 
is clear evidence that they are not impact craters.  There are 
no large impact craters near these features and the organized 
clustering of the potholes indicates an endogenic origin.  The 
distribution of these features has been mapped according to 
coverage in MOC NA images.  The potholes are found in 
two distinct regions and can be roughly grouped by mor-
phology and orientation.  All of the individual polar potholes 
in both regions are approximately 50 – 100 m in diameter.  
The density of potholes over a given area in each image is 
variable, though these features are always seen in groupings 
of multiple features, never isolated. The potholes found 
within the Wire Brush region are circular, distinct forms.  
They are often observed with no particular orientation rela-
tive to each other or local topography.  More interesting, 
potholes of the same morphology in the Wire Brush region 
are found to be located in regions of low topography or clus-
tered in local circular depressions.  Figure 4 shows the 
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groupings of potholes in areas of low topography.  Figure 5 
shows the larger circular depressions containing clusters of 
small potholes.  The larger depressions are 150 – 500 m in 
diameter in this image and are not distinct features.  It is 
apparent that some of the larger depressions are made up of 
one or more circular shapes.  The entire population of pot-
holes is found only on the south polar layered deposits and 
these clustered forms are only in the Wire Brush region.   

Interpretations:  The Wire Brush region and as-
sociated features could conceivably be the signature of un-
usual past winds, ancient ice sheet motion, or episodes of 
catastrophic flooding originating from beneath earlier resid-
ual caps.  Each of these possible explanations has strong and 
weak points, though some features are better explained by 
certain processes than others.  The Wire Brush grooves as a 
wind-formed feature offers a straightforward explanation.  
This requires an episode of extremely high winds (many tens 
of m/s) that lasts long enough to carve out these grooves and 
possibly contribute to the formation of the adjacent chasmas.  
A possible problem with the wind theory is the nature of the 
grooves cutting straight over local topography, in a way that 
seems inconsistent with wind action alone.   

Interpretations involving ice motion require a past 
climate episode where higher temperatures would have al-
lowed a process of this nature to occur.  The grooved pattern 
is visually similar to such features on Earth as ice streams, 
though we are unable to determine as of now if the mode of 
formation might be similarly analogous.  Evidence for an-
cient ice streams have been proposed by Lucchitta [3] for 
elsewhere on Mars.   

The influence of water over this landscape could 
also have been important in creating some of the features we 
see in this region today, if there were a past episode where 
water was temporarily stable at the surface or near-surface.  
This could either have been a period of climatic warming or 
possibly a period of sub-surface volcanism.  The presence of 
a number of peculiar mounds north of the Wire Brush Ter-
rain may be supporting evidence for the influence of sub-
surface heating on current topography, as may be the closed 
depressions of the adjacent chasma.  Elsewhere in the south 
polar region, Ghatan and Head [4] have proposed a past 
episode of subglacial volcanism of Hesperian age.  Given 
that characteristic grooves forming the Wire Brush terrain 
also appear at the poleward tip of Chasma Australe, the for-
mation of this feature might have the same origin.  It has 
been proposed by Howard [5] that Chasma Australe is a 
wind-formed feature and has also been proposed by Anguita 
et al. [6] as evidence of a past outburst flood, so there is 
support for both processes which we consider.   

It is possible, perhaps even likely, that several dif-
ferent processes have acted on these unusual features at dif-
ferent times to produce composite results.  We are beginning 
to piece together the connection between all these features in 
this region of the SPLD, in order to understand their origin.  
The unique location of all these features is evidence of a 
significant event in the Martian past that had a considerable 
influence on the SPLD.      
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phys. Res. Letters 28, 3, 403-406. [4] Ghatan, G. and J. Head 
(2002) J. Geophys. Res. 107,  E7, 2002.  [5] Howard, A. 
(2000) Icarus 144, 267-288.  [6] Aquita, F. et al. (2000) 
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Figure 1.  MOLA shaded relief map of the full extent of the 
Wire Brush Region, 190° - 230° W, 85° - 87°S. 
 
 

 
 
Figure 2.  Further zoomed view of the Wire Brush terrain 
and outlines of the Snakes cutting through this region.  The 
upper left corner is an area where there was no MGS data 
coverage.   
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Figure 3.  Close-up of topographic feature within the Wire 
Brush terrain where the grooves cut straight across.  Also in 
the mid-right of this image is a close-up view of one of the 
Snake features. 
 
 

 
 
Figure 4.  MOC NA m1104171 showing the pothole features 
in the Wire Brush terrain and how they are grouped in re-
gions of lower topography. 
 
 

 
 
Figure 5. MOC NA m1102900 showing another distribution 
of potholes in the Wire Brush terrain that are grouped in 
larger circular depressions. 
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CAN SHORELINE PROCESSES ON MARS CONSTRAIN ITS PAST CLIMATE?  E. R. Kraal1 , E. I. As-
phaug1 and R. D. Lorenz 2, 1Department of Earth Science – University of California Santa Cruz (1156 High Street,
Santa Cruz, California 95064, ekraal@es.ucsc.edu), 2Lunar and Planetary Laboratory, (1629 E. University Blvd,
Tucson, AZ, 85721).

Introduction:  Significant past efforts have been
devoted to the mapping of shorelines in Martian crater
basins [e. g.1, 2-4]  and the use of shoreline morphol-
ogy to interpret the past Martian climate and hydro-
logic cycle[5-7].  If lacustrine geomorphology persists
on Mars, it is a rich key to the Martian past.  Yet, de-
spite the wealth of imagery and increasing data return
from THEMIS on Mars Odyssey, the interpretation of
surface morphology lacks insight from a linked quan-
titative model.  In this spirit, we propose to explore the
geomorphic system of a crater lake on Mars and how it
would respond to climate perturbations (from occa-
sional filling to persistent lake levels and ice cover),
keeping in mind the unique initial conditions of an
impact structure to the extent that the initial lake bed-
rock, breccia and layered deposits can be modeled.
Our ultimate goal is to understand how shorelines
might preserve a quantitative record of Martian cli-
mate.

Methods: Shore erosion is a function of wave en-
ergy reaching the shore and the erodability of shoreline
material.  Wave energy is a function of climatic vari-
ables such as wind speed and variability as well as air
pressure.  While resistance of shore erosion is a func-
tion of bedrock.  Through the use of geomorphic mod-
eling, it may be possible to tease out these two vari-
ables and begin to understand the climate conditions
present during the formation of possible shorelines.

For instance, a shoreline bench of height h and
width w might turn out to be correlated to a lake drain-
age of h over a duration T with significant wave height
A.  In this example h and w are directly measured, and
A is a proxy for wind speed and atmospheric pressure.
The intensity and duration of climatic events may be
recorded in crater lacustrine deposits and erosional
forms.  A primary goal of our forward modeling effort
is, therefore, to determine whether Mars climate his-
tory is clearly captured in these erosional and deposi-
tional forms.

The modeling is separated into two parts.  First, is
the generation of waves.  Second is the interaction of
those waves with the shoreline.

Wave Formation.  The general wave equations pre-
dict expected wave behavior.  The velocity of a wave
scales with gravity while wave height scales with the
inverse of gravity.  Therefore, waves produced in the
lower gravity of Mars can be expected to grow taller
but travel slower.

The energy of a wave is expressed by E=1/8rgH,
where r is the fluid density (gm/cm3), g is planetary
gravity (m/s2), and H is wave height (m).  In order to
estimate the amount of energy in the system over time,
it is also important to know the wave period.

Empirical equations have been developed for the
earth to calculate significant wave height (hs), the aver-
age height of waves in the upper one-third of the wave
energy spectrum, and the average frequency (fm) of the
significant waves.  The two empirical relations are the
Pierson-Moskowitz(PM) equation, which is only a
function of wind speed, and the JONSWAP equation
which is a function of wind speed and fetch [8].  This
abstract will use the PM equation, which assumes a
fully developed sea [9].  The PM equation for signifi-
cant wave height is:

  

† 

PM hs =
0.447g a

p 2 fm
2

Where g is planetary gravity in m/s2, alpha is an
empirical constant equal to 8x10-3, and fm is the peak
frequency.  Peak frequency is a function of gravity and
the wind velocity, u, in m/s

 

† 

PM fm = 0.8772 g
2pu

Ê 
Ë 
Á ˆ 

¯ 
˜ 

Peak period (tm) is 1/fm.   Using these equations it is
possible estimate wave energy arriving at Martian
shorelines and to compare is to energies at equivalent
conditions on Earth.

Shoreline Development. From our wave gen-
eration model we shall compute the amount of force
available to erode a wave cut platform under Martian
conditions.  Waves provide mechanical energy to
erode coastlines by water hammer, abrasion, and quar-
rying [10].  The highest pressures and erosive power
are generally found at the mean water surface [11].  On
Earth, the mean water surface is controlled by tides,
while on Mars tides are negligible.   Trenhaile [12]
modeled formation of wave cut terraces on Earth and
this method will be closely followed with considera-
tion to Martian conditions.

The wave force (Fb) at the point where the wave
begins to break is defined as Fb = 0.5 rwhb  (4), where
rw  is the density of water and hb is the breaking wave
depth. Fb has units of kg/m2.  The wave height (Hb) is
related to hb by the critical ratio Hb = 0.78 hb (5), which
occurs when the water particle velocity at the crest is
equal to the wave phase velocity.  Combining Eqs. (4)
and (5) gives the force at the breakers related to wave
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height.  This wave force at the breakers must be dis-
tributed over the width of the surf zone (Ws).  Assum-
ing a linearly sloped surf zone Ws = hb / tan b (6) where
b  is the slope of the surf zone, the surf force (Sf)
reaching the water line may be approximated using a
decay function Sf = 0.5rw(Hb/0.78) e-kWs (7).  The at-
tenuation rate of energy is represented by the constant
k and is related to the roughness of the bottom.  Even
in some terrestrial situations this constant can be un-
known.  However, Trenhaile (2000) showed that a
range of 0.1 to 0.01 was ample to model high and low
surf attenuation.  The wave platform is eroded using
this wave force.  

Results: As anticipated by the basic wave equa-
tions, waves produced by the same wind speed are
taller on Mars than on Earth.  Waves are slower on
Mars than on Earth, arriving 3 times less frequently.
While gravity varies between the planets, fluid density
is assumed to be that of water (1000 g/cm3) in both
cases.  Because of the larger wave height, a given wind
speed produces more energetic waves on Mars.  Even
though this relationship is slightly mitigated by the loss
of gravitational potential energy on Mars, average en-
ergy per Martian wave is almost 3 times larger than
terrestrial waves.  However, once the wave period (tm)
is converted to number of waves per hour and multi-
plied by energy per wave, the time averaged energy
per wind speed is similar on both planets[13].

Empirical relationships developed on Earth indicate
that, given similar wind speeds, the average energy
arriving at a Martian shoreline could be comparable to
terrestrial wave energy.  This conclusion may, how-
ever, not be entirely accurate as a 1 bar atmosphere is
implicit in the empirical relationship; lower atmos-
pheric density on Mars would make energy transfer
from wind to water less efficient.  At present, wind
wave generation theory based solely on first principles
does not exist.  It is, therefore, necessary to apply the
available tools to make first-order quantitative assess-
ments of the energy available for lacustrine erosion on
Mars.  Future research will focus on constraining the
effects of different planetary conditions on wave field
generation, e. g. how atmospheric pressure could be
decoupled and thus made explicit for the purpose of
general planetary conditions.

The wave fields estimated for various climate con-
ditions (ie wind speed) will be an important input into
the geomorphic model of shoreline erosion.

Conclusions: By applying terrestrial wave field
models, to first order, wave energy on Mars and Earth
may be similar.  This would especially be true in an
early ~1 bar epoch on Mars, when open water might
have existed.  The presence of open water and a rela-
tively dense atmosphere could provide conditions nec-

essary to form lacustrine geomorphic features.  How-
ever, more research on the influence of differing
planetary conditions and modeling the lacustrine geo-
morphic processes associated with wave action is nec-
essary and in progress.

This modeling is highly relevant to understanding
Mars’ water cycle, climate history and geology.  Spe-
cifically, some aspects of the geologic history of Mars
are uncertain because, due to the small size of the im-
pact craters, and the especially small size of potential
shoreline features, age dating via crater counting is
difficult and controversial (e.g. Hartmann 2002).  Al-
though the age of impact crater lakes have been esti-
mated, the error is significant because of their small
surface area [6].  Though this model will not result in
absolute ages of geomorphic features due to the esti-
mated parameters (e. g. rock hardness and wind speed)
we may gain insight into the time of formation; are the
observed features likely formed in tens, thousands, or
millions of years?   The geologic history is inextricably
linked to the climate history.  The geomorphic model-
ing of lacustrine features may offer clues to the dura-
tion of ‘warm, wet’ periods.
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tion, classification, and ages of Martian impact crater lakes.
Icarus, 1999. 142: p. 160-172.  [2] Ori, G., L. Marinangeli,
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lakes in Ismenius Lacus and Memnonia (Mars). JGR, 2000.
105(E7): p. 17629-17641.  [3] Moore, J.M. and D.E. Wil-
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Grin, and R. Landheim, Ma'adim Vallis evolution: Geo-
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362-377.  [8] Carter, D.J.T., Predictions of wave height and
period for a constant wind velocity using the JONSWAP
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METHANE  PRODUCTION  BY  METHANOGENS  IN  THE  ANDROMEDA  
ENVIRONMENTAL  CHAMBER  UNDER  CONDITIONS  APPROACHING  THOSE  
OF  THE  MARTIAN ENVIRONMENT. T. A. Kral, D. W. G. Sears, P. H. Benoit, and M. S. 
Kareev, Arkansas-Oklahoma Center for Space and Planetary Sciences, University of Arkansas, 
Fayetteville, AR 72701. 

 
 

     Introduction: Surface conditions on Mars 
are probably too hostile for life, as we know 
it, to exist [1, 2, 3]. Below the surface, how-
ever, is another matter. If subsurface liquid 
water is present [4, 5], then conditions may 
be conducive to the growth of methanogens. 
Methanogens, members of the domain Ar-
chaea, are microorganisms that are found 
deep below the surface of the Earth as well as 
deep within the oceans [6, 7, 8].  
     Materials and Methods: In an attempt to 
determine if species of methanogens can 
grow (or just survive) under conditions ap-
proaching those at the surface of Mars, we 
inoculated JSC Mars-1, a Mars soil simulant 
[9] with Methanobacterium formicicum, 
Methanosarcina barkeri, and Methanother-
mobacter wolfeii in the Andromeda Environ-
mental Chamber at the Arkansas-Oklahoma 
Center for Space and Planetary Sciences. The 
Andromeda Chamber is a 4 m tall by 1 m 
wide vacuum cylinder that has been designed 
to simulate planetary surface conditions. Cul-
tures were grown in their respective media 
[10, 11], washed and suspended in a standard 
carbonate buffer, and frozen in anaerobic cul-
ture bottles. The frozen cultures were placed 
inverted into the soil simulant that was in a 
stainless steel bucket. The bucket was low-
ered into the chamber, the chamber sealed, 
and the atmosphere replaced with equal vol-
umes of carbon dioxide and molecular hydro-
gen at a pressure of 400 mbar. The atmos-
phere was replaced before the cultures melted 
in order to prevent the methanogens from 
coming in contact with atmospheric oxygen  
(methanogens are strict   
anaerobes). Palladium catalyst boxes were 
mounted on the top of the bucket to help re-

move residual oxygen. In some experiments, 
anaerobic 4.0 mM sodium sulfite solution 
was poured into the soil as an additional 
measure to remove residual oxygen [12].  
     Results and Conclusions: All three spe-
cies survived a week under the described 
conditions, M. wolfeii showing the greatest 
increase and M. formicicum showing the 
smallest increase in methane production. So-
dium sulfite additions resulted in even greater 
methane production. These experiments dem-
onstrated methane production at reduced 
pressure, survival of the organisms after a 
freeze/thaw cycle, and the usefulness of the 
Andromeda Chamber.    
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MARS PHOTOCHEMISTRY: WEAK POINTS AND SEARCH FOR SOLUTIONS.  Vladimir A. Krasnopol-
sky, Catholic University of America, Department of Physics, 200 Hannan Hall, Washington, D.C. 20064 
(vkrasn@verizonmail.com). 

 
 
Photochemical modeling is a powerful tool to study 

the chemical composition of a planetary atmosphere. 
Using densities of just two or three species near the 
surface of a planet, photochemistry makes it possible 
to calculate vertical density profiles for a few dozen 
species and describe chemical and physical processes 
that determine these profiles. 

Weaknesses of the Current Models of Mars 
Photochemistry:  The latest models of Mars photo-
chemistry [1-5] were made a decade ago. There is an 
increasing disagreement between the recent experi-
mental data and those models:  

1) The standard gas-phase chemistry predicts too 
low abundances of CO and ozone; 

2) All modifications in gas-phase chemistry sug-
gested to agree the models with the observations have 
not been confirmed; 

3) Recent measurements [6, 7] give even greater 
CO abundance than that in the modified models; 

4) The detected H2 abundance [8] is far below 
the model predictions; 

5) MGS/TES mean H2O abundance [9] exceeds 
that used in the models; 

6) The observed upper limit to H2O2 [10] is 
smaller than the model predictions by an order of mag-
nitude; 

7) The observed low latitudinal variations of the 
O2(1∆) dayglow at 1.27 µm [11] and ozone [12] dis-
agree with the very strong variations of H2O [9] and 
question the basic concept of Mars photochemistry. 

These facts show that the current models are inade-
quate, incomplete, and needs a significant updating. 

Global, Local, and General Circulation Models: 
One-dimensional global-mean model is a traditional 
tool to solve basic photochemical problems. Eddy dif-
fusion, which is uncertain within a factor of 3, substi-
tutes atmospheric mixing in these models. The models 
reflect the global-mean values and are especially good 
for long-living species H2, O2, and CO on Mars. 

Local models are adjusted to local conditions. The 
lifetimes of H2, O2, and CO are greater than the global 
atmospheric mixing time, therefore these species can-
not be calculated by the local models. These abun-
dances are the basic experimental constraints, and the 
chemistry adopted in the local models should be tested 
by the global models on the consistency with the meas-
ured H2, O2, and CO. 

Photochemical GCMs may appear soon, and that 
will be a significant progress in photochemical model-

ing. However, there are two restrictions to those mod-
els. First, they do not cover atmospheric mixing at the 
scales, which are smaller than the model grid step. 
Therefore, these models either underestimate the at-
mospheric mixing or should adopt small-scale mixing, 
similar to that in the global and local models. 

The second restriction is a very long run for the 
GCMs even with the simplest chemistry. Therefore, 
similar to the local models, the mean abundances of 
H2, O2, and CO are adopted  by  the photochemical 
GCMs, and their chemistry should be tested by the 
global models on the consistency with the measured 
H2, O2, and CO. The models considered below are 
global mean and without nitrogen chemistry. This is 

Table 1.  Reactions of CO2-H2O chemistry on Mars and 
their rate coefficients 
_________________________________________________ 
Reaction   Rate Coefficient  
_________________________________________________ 
1      CO2 + hν → CO + O       - 
2      CO2 + hν → CO + O(1D)       - 
3      O2 + hν → O + O       - 
4      O2 + hν → O + O(1D)       - 
5      H2O + hν → H + OH       - 
6      HO2 + hν → OH + O      1.3×10-4 
7      H2O2 + hν → OH + OH      2.1×10-5 
8      O3 + hν → O2(1∆) + O(1D)      1.7×10-3   
9      O(1D) + CO2 → O + CO2      7.4×10-11e120/T 
10    O(1D) + H2O → OH + OH      2.2×10-10 
11    O(1D) + H2 → OH + H      1.1×10-10 
12    O2(1∆) + CO2 → O2 + CO2      10-20   
13    O2(1∆) → O2 + hν      2.24×10-4   
14    O + CO + CO2 → CO2 + CO2   2.2×10-33e-1780/T   
15    O + O + CO2 → O2 + CO2      1.2×10-32(300/T)2   
16    O + O2 + CO2 → O3 + CO2      1.3×10-33(300/T)2.4   
17    H + O2 + CO2 → HO2 + CO2    1.7×10-31(300/T)1.6   
18    O + HO2 → OH + O2       3×10-11e200/T 
19    O + OH → O2 + H       2.2×10-11e120/T  
20    CO + OH → CO2 + H       1.5×10-13   
21    H + O3 → OH + O2       1.4×10-10e-470/T 
22    H + HO2 → OH + OH       7.3×10-11 
23    H + HO2 → H2 + O2

       1.3×10-11(T/300)0.5e-230/T 
24    H + HO2 → H2O + O       1.6×10-12 
25    OH + HO2 → H2O + O2       4.8×10-11e250/T  
26    HO2 + HO2 → H2O2 + O2       3.2×10-13e580/T  
27    OH + H2O2 → HO2 + H2O       2.9×10-13e-160/T 
28    OH + H2 → H2O + H     3.3×10-13(T/300)2.7e-1150/T 
29    O + O3 → O2 + O2       8×10-12e-2060/T 
30    OH + O3 → HO2 + O2       1.5×10-12e-880/T 

_____________________________________________
Photolysis rates and k13 are in s-1, second and third order reac-
tion rate coefficients are in cm3 s-1 and cm6 s-1, respectively. 
Photolysis rates for all species except CO2, O2, and H2O refer 
to the lower atmosphere, are calculated for λ > 200 nm and 
scaled to half values at 1.517 AU.  
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the case when 

 

Figure 1. Model of Mars upper atmosphere at medium 
solar activity [13]. 

the  production of N in the lower thermosphere ex-
ceeds the production of NO [1]. 

Mars Model Upper Atmosphere and Iono-
sphere: A detailed model for the upper atmosphere 
and ionosphere of Mars was recently developed [13]. 
This model includes 11 neutral (Figure 1) and 18 ion 
species (Figure 2), 32 photon and photoelectron disso-
ciation, ionization, and dissociative ionization proc-
esses, and 54 reactions. Both thermal and nonthermal 
escape processes were considered at the upper bound-
ary of 300 km. Therefore, our current model will cover 
the altitudes below 80 km, and we will apply the fluxes 
of H and H2 at medium solar activity from that model 
at our upper boundary of 80 km. 

Boundary Conditions, Input Data, and Chemi-
cal Reactions: The escape of H and H2 should be per-
fectly balanced by the escape and/or loss of oxygen for 
the surface oxidation in the steady-state models of 
Mars photochemistry. The models diverge if this rule 
is broken. It does not matter for the model if oxygen 
escapes or is lost at the surface, and we assume the 
former. 

The hydrogen escape flux and the H and H2 veloci-
ties at the upper boundary were the input data in the 
previous models [3, 4]. A flux to velocity ratio is den-
sity, and we assign the H and H2 fluxes and the H2 
density from [13] at 80 km in our model. Other bound-
ary conditions reflect the CO2 dissociation of 1.4×1011 
cm-2 s-1 above 80 km and the O2 dissociation velocity 
of 0.16 cm s-1 at 80 km. Conditions at the lower 
boundary correspond to the chemically passive sur-
face. 

The MGS/TES data on the day- and nighttime tem-
perature structure of Mars atmosphere at LS = 0, 90, 
180, and 270° were properly averaged to get a mean 

temperature profile. The global-mean water abundance 
of 15 precipitable µm from the MGS/TES observations 
[9] results in the H2O mixing ratio of 260 ppm up to a 
condensation level at 18 km. 

Table 1 presents a standard set of gas-phase reac-
tions for the CO2-H2O chemistry on Mars. The reac-
tion rate coefficients are taken mostly from the JPL 
compilations [14, 15] and some later publications. The 
photolysis rates have been calculated using the appro-
priate cross sections from the JPL compilations as 
well. 

 
Table 2.  Some Results of Modeling 

Value      Obs       M1       M2       M3        M4 
O2(×10-3)       1.2       1.4       1.5       1.3         2.4 
CO (0 km, ×10-4)    8          0.8       1.0       0.9         2.4 
CO (40 km, ×10-4)  -           1.5       1.1       1.2         2.6 
CO (80 km, ×10-4)  -           66        7.6       7.7         9.1  
O3 (µm-atm)    1.5-3    0.63     0.66     0.52       2.6 
4πI1.27 µm (MR)    ≈4  1.14     1.26     1.04       3.8 
H2O2 (ppb)    <4  20.2     21.3     23.8       3.1 
      See text for explanation.    

 
Results:  Some results of modeling are shown in 

Table 2. The second column (Obs) gives the observed 
values. 4πI1.27 µm (MR) is the O2(1∆) 1.27 µm dayglow 
brightness in megarayleighs. Models M1-M3 are for 
pure gas-phase chemistry with different eddy diffusion 
coefficient K. K is equal to 106 cm2 s-1 for M1, and the 
abundance of CO near the surface, O3, and the O2 day-
glow are much below the observed values, while H2O2 
is far above the upper limit. The CO mixing ratio is 
greater at 40 km than that near the surface by a factor 
of 2. If CO were equal to the observed value near the 
surface, that would occur for K = 105 cm2 s-1. CO is 
very abundant at 80 km because of the low eddy diffu-
sion. 
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Figure 2. Model of Mars ionosphere at medium solar 
activity [13]. 

M2 is for K = 107 cm2 s-1, and it is similar to M1 in 
many aspects. The difference between M1 and M2 in 
H2O2 is small. This difference was a factor of 2 in the 
local model [10], maybe, because the H2, O2, and CO 
abundances were fixed in that model. M3 is a model 
for K increasing from 105 near the surface to 107 at 40 
km and higher [3]. This profile of K is prefer-
able.

 

Figure 3.  Model for Mars photochemistry (M4) with a 
heterogeneous sink of peroxide on ice and ice-covered 
aerosol particles. 

All pure gas-phase chemistry models significantly 
disagree with the observations. However, laboratory 
data and studies of chemistry of the Earth’s atmos-
phere show that ice particles are very effective in scav-
enging of all forms of odd hydrogen. Their sticking 
coefficients may be as high as 1, 0.2, 0.5, and 0.03 for 
OH, HO2, H2O2, and H, respectively [14, 15]. 

According to the MGS/TES observations [16], the 
mean optical depth of ice aerosol is ≈0.05 at 12 µm 
and ≈0.1 in the visible at 2 p.m., i.e., near the diurnal 
minimum. Ice may cover some dust particles, and we 

assume that the altitude distribution of ice and ice-
covered particles is similar to that of dust, which is 
taken from [17]. Model M4 is similar to M3 but in-
cludes a heterogeneous sink of H2O2 on ice with a 
probability of 0.025. The O3 and H2O2 abundances and 
the O2(1∆) dayglow in M4 agree with the observations 
(Table 2), while CO is between the measured abun-
dance and that from the gas-phase models. It is clear 
that the inclusion of heterogeneous chemistry provides 
a distinct possibility to fit all observational constraints. 
The calculated vertical density profiles for model M4 
are shown in Figure 3. 

Our simulations show that a major effect of hetero-
geneous chemistry is produced by the ice aerosol 
above ≈5 km. This aerosol opacity may be propor-
tional to the H2O abundance. Then both production 
and loss of odd hydrogen are proportional to the water 
vapor abundance. This helps to explain the low latitu-
dinal variations of the O2(1∆) dayglow and ozone, in 
spite of the variations of water vapor by more than an 
order of magnitude. 

Conclusions:  (1) There are significant contradic-
tions between the latest photochemical models and the 
observations. 

(2) All these contradictions may be removed by the 
inclusion of heterogeneous chemistry. 

(3) Heterogeneous chemistry is very effective in 
the Earth’s atmosphere. It should exist in the Martian 
atmosphere, and Mars photochemical models are in-
adequate without heterogeneous chemistry. 
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Introduction: The basic data on the chemical com-

position of Mars’ atmosphere were obtained by the 
Viking mass spectrometers a quarter of century ago. 
Spacecraft missions to Mars in the last decade have not 
been aimed to this field, and the current progress is 
related to high-resolution spectroscopy from orbiting 
and ground-based observatories. 

HDO: Deuterated water was detected [1] using 
CFHT/FTS with resolving power ν/δν = 9×104 (Fig. 
1).  Very low humidity (0.5 pr. mm) above Mauna Kea 
and a significant (by a factor of 6) enrichment of water 
in D on Mars facilitated the detection. 

 
Fig.1. HDO lines in the CFHT/FTS spectrum [1]. 

Telluric HDO (*), CH4 (+), and solar (.) lines are also 
seen. 

 

 
Fig. 2. One of ten HDO lines in the KPNO/FTS 

spectrum [2]. Telluric line is much stronger and 
broader than the Martian line. Dashed curve is a model 
fit to the telluric line, 628 is the CO18O line. 

 
Ten HDO lines in the KPNO/FTS spectrum [2] 

were also used to measure the D/H ratio in water on 
Mars (Fig. 2). Despite the better spectral resolution 
(ν/δν = 2.7×105), the HDO lines were less prominent 

because of the much higher humidity (14 pr. mm) 
above Kitt Peak. Both observations agree and result in 
D/H = 5.5 ± 1 times the terrestrial value in the Martian 
water. The KAO observation of HDO [3] is still under 
revision. 

Atomic Deuterium: The D Lyman-α line at 
1215.34 Å is shifted from the H line by 0.33 Å and 
very much weaker than the H line. The Martian lines 
are Doppler-shifted by 0.06 Å maximum relative to the 
telluric lines. All four lines were detected and resolved 
(Fig. 3) in the HST/GHRS observation [4]. The in-
strument resolving power was 1.6×104. The observed  
D-line intensity of 23 ± 6 R at solar minimum corre-
sponds to [D] = 450 ± 120 cm-3 at 250 km. 

 
Fig. 3. Telluric and Martian (subscripts E and M, 

respectively) Lyman-α lines of H and D in the 
HST/GHRS spectrum [4] at five levels of binning. 

 
Molecular Hydrogen: Vibrational and rotational 

transitions are strongly forbidden in H2. Despite the 
low dissociation energy of 4.48 eV, dissociation to the 
ground-state H atoms is parity-forbidden, and H2 ab-
sorbs photons only below 1108 Å where the solar ra-
diation is weak. Therefore, detection of H2 presents a 
difficult problem. Fortunately, three absorption lines of 
H2 coincide with the strong solar Lyman β, γ, and C II 
lines and originate a few comparatively strong emis-
sion lines. These lines were observable (Fig. 4) in the 
FUSE spectrum of Mars [5]. The observation resulted 
in a column H2 abundance of  (1.71 ± 0.13)×1013 cm-2 
above 140 km. The FUSE spectrum of Mars [6] cov-
ered a range of  904 to 1186 Å with spectral resolution 
of 0.2 Å. The spectrum is of high quality and provides 
a detection limit of ≈0.1 R. Many Martian lines and 
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ion species N+, C+, and Ar+ have been observed for the 
first time in that spectrum. For example, two Ar+ and 
eight H lines of the Lyman series are among other 
lines in Fig. 5. 

 
Fig. 4. Fragments of the FUSE spectrum [5] near 

the H2 lines at 1166.76 and 1071.62 Å. 
 

 
Fig. 5. A part of the FUSE spectrum [6]. 
 
Interpretation of the Observed HDO, D, and 

H2: 
Detailed photochemical modeling of Mars’ upper at-
mosphere and ionosphere [7] to fit the observed D and 
H2 abundances results in the HD and H2 mixing ratios 
of 11± 4 ppb and 15 ± 5 ppm, respectively. Then 
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This agrees with the fractionation of D in chemical 
reactions (R ≈ 1.6 [8]), photolysis of H2O (R ≈ 0.4 [9], 
and the HDO depletion above the condensation level 
(R ≈ 0.7 [10, 11])). Finally, R = 1.6×0.4×0.7 ≈ 0.4, and 
the controversial problem of deuterium fractionation in 
Mars’ atmosphere looks solved. The observed HDO, 
D, and H2 require the escape fractionation factor 

105.0
/
/

==
HD

f HD φφ
 

averaged over the solar cycle. 
Implications for Evolution of Water: Combining 

this fractionation factor with the water abundance in 
the polar caps (a global-mean layer of ≈14 m deep [12-
14]) and the D/H = 1.9 [15] at the end of the intense 
impact erosion of the atmosphere 3.8 Ga ago, this re-
sults in a loss of an ocean of water of 30 m deep for 
this period. 

Hydrodynamic escape of H2 released in the reac-
tion Fe + H2O → FeO + H2 could be effective for 0.1-
0.3 Ga after Mars’ formation. Using a fractionation 
factor of 0.8 for this escape [16] and a standard as-
sumption of the terrestrial value for the initial D/H on 
Mars, the total loss of water by hydrodynamic escape 
was 1.2 km. Therefore Mars could initially be even 
more rich in water than Earth. 

Helium: Helium was detected on Mars using the 
EUVE/LW spectrometer [17] that had a capability to 
detect the He 584 Å line against the strong geocoronal 
emission of this line. The observed line intensity of 57 
± 15 R corresponds to the He mixing ratio of 4 ± 2 
ppm [18]. Helium is lost from Mars mostly by electron 
impact ionization above the ionopause and sweeping 
out of the ions by the solar wind. The total loss is 
equal to 7×1023 s-1 and agrees with the Phobos meas-
urements [19]. A source of He on the terrestrial planets 
is the radioactive decay in the uranium and thorium 
chains with subsequent outgassing. It is similar to the 
outgassing of 40Ar formed by the decay of potassium. 
A coupled model for the outgassing of He and 40Ar 
showed that (1) outgassing from Mars is weaker than 
that from Earth by an order of magnitude, (2) out-
gassing of He from Mars covers a third of its loss. An 
additional source of He is required, and that should be 
a capture of the solar-wind α-particles with an effi-
ciency of ≈0.3. This is the first and probably the only 
case when a capture of the solar wind is critical to a 

 

Fig. 6. Model [18] for evolution of 4He and 40Ar  
in Mars interior and atmosphere for outgassing coeffi-
cient δ proportional to Mars volcanism rate from [20]. 
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balance of atmospheric species. Later calculations of 
the solar wind capture efficiency by Mars [21] con-
firmed our conclusion and also gave the value of 0.3 
for α-particles. 

Ozone and O2 1.27 µm Dayglow: Ozone is a 
tracer of Mars photochemistry, and a latitudinal-
versus-season mapping of O3, similar to that done for 
H2O by the Viking/MAWD [22] and MGS/TES [23], 
is the objective of ozone observations. Three tools are 
currently used. Infrared heterodyne spectroscopy at 9.6 
µm [24] gave the first data on the O3 distribution at 
low and middle latitudes (Fig. 6). The instrument re-
solving power was 106 in the published observations. 
Another tool is the HST/FOS UV spectroscopy near 
Mars’ limb [25, 26]  (Fig. 7). 

 

 
Fig. 6. Latitudinal distribution of ozone at LS = 

208° [24]. 
 

 
Fig. 7. Three-parameter fitting to the observed 

HST/FOS spectrum [26] near Mars’ limb. The parame-
ters are ozone column and cloud and dust opacities. 

 
Ozone above 20 km is the most sensitive to sea-

sonal variations of photochemistry at low and middle 
latitudes [27]. It was suggested in [28] to observe the 
O2 1.27 µm dayglow using IRTF/CSHELL to map 
high-altitude ozone. This dayglow is excited by 
photolysis of O3 and quenched by CO2 below 15-20 

km. Therefore it is the best tracer of Mars’ photochem-
istry. The IRTF/CSHELL resolving power is 4×104, 
that is, 7.5 km/s, and the observations are feasible for 
the geocentric velocity ≥ 10 km/s. The dayglow spec-
trum observed at LS = 112° [29] is shown in Fig. 8. 
The retrieved dayglow intensities are corrected for 
airmass, surface reflectivity, and the instrument point 
spread function. (All these corrections are of a factor 
of ≈1.5 and cannot be ignored.) Latitudinal depend-
ences of the dayglow intensity for three seasons [30] 
are shown in Fig. 9. The dayglow maps have a spatial 
resolution of 0.1-0.2 Mars radii. Analysis of the day-
glow observation along one instrument slit was re-
cently reported in [31].  

 

 
Fig. 8. One of 550 spectra of Mars observed with 

IRTF/CSHELL at LS =112° [29]. The main features 
are the telluric absorption and Martian Doppler-shifted 
O2 emission lines and two solar Fe lines. 

 

Fig. 9. Latitudinal dependences of the O2 1.27 µm 
dayglow at three seasons [30]. 

CO Mixing Ratio: Low resolution spectroscopy 
from the Phobos orbiter [32] revealed a significant (by 
a factor of 5-8) decrease in the CO mixing ratio above 
the great Martian volcanoes. This decrease contradicts 
to gas-phase chemistry, which predicts a constant CO 
mixing ratio over Mars’ globe and up to ≈60 km. At-
tempts to check this result by using ground-based ob-
servations were made in [33, 34] using the CO lines at 
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1.3 mm and 2.3 µm, respectively. However, their fields 
of view were large, 1 and 0.5 Mars radii, respectively. 
No significant variations have been observed. A CO 
line shape at 1.3 mm [35] also favors a CO mixing 
ratio, which is constant with height. 

The CO mixing ratio on Mars was mapped at LS 
=112° [36] by observing both CO and CO2 lines at 
1.57 µm (Fig. 10) using IRTF/CSHELL. The measured 
CO mixing ratio does not vary from place to place, 
with local time and elevation (in the range of  -6 to 3 
km) while the variation with latitude is substantial 
(Fig. 11). It is explained by the intense condensation of 
CO2 at the South (winter) polar cap and the low merid-
ional circulation in the southern winter [37]. An alter-
native explanation is the photochemical accumulation 
of CO due to freezing out of H2O. However, it is com-
pensated by the low insolation in winter polar regions 
(polar night) and much smaller than the observed ef-
fect.  The increase in the CO mixing ratio to the South 
and its extent to low latitudes is determined by atmos-
pheric dynamics and should be simulated by GCMs. 

 

 
Fig. 10. One of 520 IRTF/CSHELL spectra at 1.57 

µm [36]. The spectrum consists of the CO, CO2, and 
solar (S) lines. 

 

 
Fig. 11. Latitudinal dependence of the CO mixing 

ratio at LS = 112° [36]. 
 
Upper Limits: The most restrictive upper limit 

was obtained recently for H2O2 using TEXES at 8 µm. 
The instrument resolving power was 7×104, and the 
limit is 4 ppb [38], that is, below the model predictions 

by an order of magnitude. Upper limits of 3 ppb to 
HCl and H2CO were extracted from the KPNO/FTS 
spectrum at 3.7 µm [2]. The limit to HCl shows that 
chlorine chemistry is negligible on Mars. 

Here I do not consider very fruitful and extensive 
MGS/TES observations of temperature profiles, H2O, 
dust and ice aerosol, and ground-based observations of 
water vapor, H2O and CO2 ice, and dust, and micro-
wave observations. 
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Abstract: A map of north-south subkilometer-scale 

slope asymmetry on Mars obtained from statistical 
analysis of along-track MOLA topographic profiles 
reveals well-defined latitudinal bands of north-south 
slope asymmetry at 40-50° in both hemispheres. In 
these bands the equator-facing slopes are systemati-
cally steeper than pole-facing slopes. This asymmetry 
is especially pronounced for the steepest (>20°) 
slopes: equator-facing ones are three times more fre-
quent. We interpret these bands to be related to insola-
tion asymmetry. Particularly, we suggest that transient 
melting of ground ice at pole-facing slopes occurred 
during the periods of very high obliquity (~45°) in the 
past and favored downslope mass movement and 
elimination of steep pole-facing slopes. The map re-
veals also several other areas of pronounced north-
south slope asymmetry. In these areas the asymmetry 
takes place for gentle slopes. It is interpreted to be 
caused by prevailing wind direction during formation 
and modification of surficial deposits. 

Introduction:  The Mars Orbiter Laser Altimeter 
(MOLA) onboard the Mars Global Surveyor (MGS) 
spacecraft produced a large homogeneous data set of 
precise elevation measurements along MGS tracks 
[e.g., 1] with uniform along-track spacing of 0.3 km. 
Except for narrow zones at very high latitudes, the 
gaps between the tracks are often wider than the along-
track spacing. 

Anisotropy of local slopes reflects the properties of 
topography-shaping processes. For example, asymme-
try of opposite slopes is typical for eolian features. 
North-south slope asymmetry is also an important in-
dicator of processes related to insolation and water 
mobility. For example, asymmetric troughs in the polar 
cap deposits have been interpreted to be due to insola-
tion-related sublimation (producing steep equator-
facing slopes) and deposition (producing shallow pole-
facing slopes) [e.g., 2]. In this study we used the 
MOLA data set to map and analyze slope asymmetry 
on Mars. 

Data processing:  The direction of all MOLA 
tracks is close to meridianal except in high-latitude 
regions. The deflection from the meridian is about 5° 
in a wide equatorial zone. Poleward from 60° latitude, 
the deflection slowly, then more rapidly increases, and 
reaches 17° at 80° latitude. Thus, sampling of the Mars 
surface with MOLA is strongly anisotropic. Track-to-
track systematic errors in a wide equatorial zone are 
much greater than the noise of along-track measure-

ments even after cross-over analysis [3]. This means 
that kilometer-scale slopes derived from the gridded 
topographic map are affected by strongly anisotropic 
errors, and the data set does not allow complete study 
of the anisotropy of kilometer-scale slopes. The along-
track slopes, however, are free of these errors, and the 
MOLA data can be used to study the north-south 
asymmetry of the slopes at kilometer- and hectometer-
scale baselines. 

The data processing technique we used was similar 
to that applied in [4, 5]. For each pair of consecutive 
MOLA shots, we calculated the differential slope, and 
noted the slope direction information (a positive sign 
was used for the south-facing slopes, and negative was 
used for north-facing slopes). The differential slope s 
was defined (Fig. 1, left) through slope α at 0.3 km 
baseline (the shot-to-shot distance) and slope β at 0.9 
km baseline as: tan s = tan α - tan β. The use of the 
differential slope instead of the ordinary slope was 
necessary to eliminate the influence of regional topog-
raphy on slope statistics. The present definition of the 
differential slope is slightly different from that used in 
[4] and permits the use of the shortest possible baseline 
length of 0.3 km.  

 
Fig. 1. Left, a schematic MOLA profile shows local along-
track slope α at 0.3 km baseline and slope β at 0.9 km base-
line used to calculate the differential slope. Right, a sche-
matic differential-slope-frequency distribution showing the 
quartiles q1/4 and q3/4, and the median q1/2.  

All calculated slopes were binned into map cells in 
several map projections; for each cell we calculated 
the median slope and the quartiles q1/4 and q3/4 and the 
median q1/2 of the slope-frequency distribution (Fig. 1, 
right). 

The difference between the quartiles r = q3/4 - q1/4 
characterizes the width of the slope-frequency distribu-
tion, and serves as a measure of roughness. It is very 
similar to the median absolute value of the differential 
slope used in [4] as a measure of roughness. Fig. 2 
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shows the roughness map in a simple cylindrical pro-
jection obtained in this way; brighter shades denote 
rougher surfaces. Major geomorphic features are 
clearly distinguishable in the map; the latitudinal trend 
of roughness (smoother terrains at high latitudes) is 
pronounced even more clearly than in [4, Fig. 12], 
because the baseline used here is twice shorter. See [4] 
for further discussion of the roughness maps. 

The median signed slope q1/2 can be used to quan-
tify the deviation of the slope-frequency distribution 
from symmetric. The mean differential slope is almost 
always equal to zero. Nonzero median slope means a 
different balance of steep and gentle slopes for north- 
and south-facing surfaces. If the median slope is posi-
tive, this means that the area covered by south-facing 
slopes is greater than the area covered by north-facing 
slopes; in turn, since the mean slope is zero, this means 
that the north-facing slopes are generally steeper than 
south-facing slopes. Analogously, negative median 
slope means that south-facing slopes are steeper. 

To eliminate roughness and characterize solely the 
distribution shape we normalized the median by the 
quartile difference and calculate the asymmetry pa-
rameter a = q1/2 / r. The map of this parameter is 
shown in Fig. 3; brighter shades denote positive a, that 
is that north-facing slopes are steeper, and darker 
shades denote that south-facing slopes are steeper 

Regions of slope asymmetry:  The map of slope 
asymmetry (Fig. 3) shows clearly that most of the sur-
face does not have any north-south slope asymmetry. 
Several distinctive areas, however, clearly show slope 
asymmetry. We repeated our calculations for 2 and 4 
times longer baselines (0.6 km and 1.2 km) and ob-
tained a spatial asymmetry distribution very similar to 
that shown in Fig. 3, but characteristic values of the 
asymmetry parameter |a| were systematically lower 
than for a 0.3 km baseline. For even longer baselines, 
the calculated parameter a reflects mostly steep re-
gional slopes, like major graben, channel walls, crater 
walls, etc. 

Latitudinal Anomalous Bands.  One of the most 
prominent features of the map is a pair of narrow lati-
tudinal anomalous bands at 40 - 50° in both hemi-
spheres. The signs of the median slope in both hemi-
spheres are opposite indicating that equator-facing 
slopes are steeper in these zones. The intensity of 
asymmetry varies along the bands. The characteristic 
values of the asymmetry parameter a in prominent 
parts of the bands is |a| ≈ 0.8%. 

The low-slope (<1-2°) portion of the frequency dis-
tribution of the differential slopes for the anomalous 
bands is symmetrical, while the asymmetry is observed 
for steeper slopes (Fig. 4). To study the role of steep 

slopes in the anomalous bands, we calculated the total 
number of steeply inclined MOLA profile segments in 
narrow latitudinal zones within typical southern heav-
ily cratered highlands (Fig. 5). The number of equator-
facing slopes steeper than 20° around 45°S latitude is a 
factor of three greater than the number of similar pole-
facing slopes. The sharp decrease in the number of 
steep slopes from low to high latitudes occurs earlier 
for the pole-facing slopes and later for the equator-
facing slopes. (Fig. 6). 

 
Fig. 2. Map of roughness at 0.3 km baseline. Brighter shades 
denote rougher surface. 

 
Fig. 3. Map of the north-south slope asymmetry parameter a. 
Brighter shades denote that north-facing slopes are steeper; 
darker shades denote that south-facing slopes are steeper. 

Anomalies Related to Regional Slopes.  Some even 
weaker but distinguishable deflection of the asymme-
try parameter a from zero is associated with extended 
regional slopes of major volcanic constructs on Mars: 
their northern slopes show some prevalence of positive 
values of a, and their southern slopes show negative 
values. This effect is best expressed in Alba Patera and 
the Elysium rise. It is clear that these long smooth re-
gional slopes do not bias the differential slope values. 
The downslope-facing small-scale slopes are steeper 
here.  

At steep large-scale scarps on Mars (Valles Marin-
eris walls, Olympus Mons scarps) the differential slope 
is unable to filter out regional topography well enough. 
Here the resolution of the MOLA data do not allow 
separation of the scarp topography and scarp face sur-
face roughness. 
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Fig. 4. Frequency distributions of the differential slope s 
plotted against |s| / r. Normalization by r allows to compare 
the distributions for areas of different roughness. Use of |s| 
"folds" the distribution curve around the vertical axis. Letters 
N and S denote distribution branches for negative s (north-
facing slopes) and positive s (south-facing slopes), respec-
tively. Note the logarithmic scale along the frequency axis. 
A, typical equatorial highlands in Terra Cimmeria (20-30°S, 
180-220°W); negative and positive branches coincide within 
the line width. B, the anomalous latitudinal band in Terra 
Cimmeria (43-47°S, 180-220°W); for relatively steep slopes 
|s| > ~1.5r, the positive branch goes above the negative one 
producing the positive median; for much steeper slopes, well 
outside the plot frame, the negative branch would exceed the 
positive one. C, the anomalous area in south-east Arabia 
Terra (250 km around 10°N, 305°W); for relatively gentle 
slopes |s| < ~2r, the negative branch goes above the positive 
one producing the negative median; for steeper slopes, the 
positive branch slightly exceeds the negative one. 

Other Anomalies.  The highest calculated absolute 
values of the asymmetry parameter a ≈ -5% are in a 
compact area at ~80°N 140-160°W (Fig. 3), where the 
MGS track direction deflects strongly from the merid-
ian. This is due to the interference of the MGS track 
orientation with the strongly anisotropic topography of 
the transverse dunes in Olympia Planitia. 

The next strongest asymmetry is observed in a few 
regions in the equatorial zone. The region in south-east 
Arabia Terra (10°N 305°W) just to the west of Syrtis 
Major, and Syria Planum (15°S 95°W) have an asym-
metry parameter a ≈ -2.5%; south-facing slopes are 
steeper in these areas. An anomaly of the same sign is 
observed in north-east Daedalia Planum (20°S 
105°W), and of the opposite sign in south-east Daeda-
lia Planum (30°S 105-115°W). The latter two areas are 
also known to be anomalous in another statistical char-
acteristics of along-track MOLA topography: in this 
region there is a strong prevalence of concave topog-
raphic profiles [5]. There are several less pronounced 
local anomalies. 
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Fig. 5. Asymmetry of differential slopes calculated within 
150-km wide latitudinal zones in Terra Cimmeria (180-
220°W) and plotted against latitude. The measure of asym-
metry is A = (NN–NS) / (NN+NS), where NN and NS are num-
bers of steep N- and S-facing segments in all MOLA pro-
files. Different curves corresponds to different ranges of 
differential slopes in degrees, as shown. 
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Fig. 6. Abundance of N- and S- facing slopes relative to that 
of the typical equatorial highlands plotted against latitude for 
Terra Cimmeria (180-220°W). Actually plotted quantity is 
the proportion of the MOLA profile segments of proper 
steepness and slope direction within given 150-km wide 
latitudinal zone normalized by the same proportion for 10°S 
- 20°S zone representing "typical equatorial highland". Dif-
ferent curves correspond to different ranges of slopes in de-
grees, as shown; black curves, N-facing slopes, gray curves, 
S-facing slopes. 

Fig. 4C shows the differential-slope-frequency dis-
tribution asymmetry for the anomalous areas in Arabia 
Terra. It is seen that the nature of the anomaly differs 
from that of the latitudinal band (Fig. 4B): here the 
difference between north- and south-facing slopes is 
noticeable for gentle slopes, below r ≈ 1°, while only 
the steep slopes contributed to the asymmetry in the 
latitudinal bands. For the other local anomalous areas 
mentioned above the character of asymmetry is similar 
to that of the area in south-east Arabia: the gentle and 
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moderately steep slopes contribute to the observed 
asymmetry. 

Discussion: The slope asymmetry data derived 
from MOLA altimetry presented here (Fig. 3) and 
high-resolution images illustrating individual examples 
of geological processes that might produce the statisti-
cal slope asymmetries, are at substantially different 
scales. This precludes the direct correlation of specific 
slope asymmetry values with individual geological 
features in specific MOC images, although regional 
characterizations and correlations can be made. 

Equatorial Anomalies:  High-resolution MOC im-
ages show that the whole of Arabia terra and the 
anomalous areas in eastern Daedalia Planum and Syria 
Planum are covered with dust or sand deposits [6]. 
Recent modeling of global atmospheric circulation at 
different obliquity [7] showed that Arabia Terra and 
the Tharsis rise are probable regions of dust deposition 
for all epochs in Martian history, which is consistent 
with the morphology observed in high-resolution im-
ages. Asymmetry of gentle slopes in this area could be 
caused by prevailing winds, a factor important in the 
formation of hectometer-scale topography. The fact 
that the asymmetry is observed only in a small part of 
Arabia could be because asymmetry in other parts is in 
an east-west direction or simply absent due to specific 
wind patterns. The anomalous areas in Daedalia and 
Syria are the only areas within Tharsis rise where ex-
tensive coverage of the surface with loose material is 
observed in high-resolution images. 

The weak slope asymmetry at the regional slopes is 
easily explanable. Regional slopes themselves are an 
obvious natural cause of small-scale slope asymmetry. 
The observed asymmetry on the large shield volcanos 
is, at least partly, due to downslope-facing lava flow 
fronts. 

Latitudinal Anomalous Bands.  The approximate 
symmetry relative to the equator strongly suggests that 
the role of insolation was important in the formation of 
the anomalous bands. These bands lie within much 
wider zones in which the difference in the year-
average insolation between pole- and equator-facing 
slopes is high. If the insolation asymmetry were the 
only reason for the effect, we would expect much 
wider zones. 

The anomalous bands are within wider transitional 
zones between smoothed high-latitude to rougher low-
latitude zones (see Fig. 2; also [5]). The same zones 
possess a number of peculiarities, and contain a num-
ber of different morphological features of zonal occur-
rence, including recent gullies [e.g., 6], which prefer-
entially occur on pole-facing slopes. Costard et al. [8] 
have interpreted these gullies to be due to melting of 
ground ice at higher obliquity. Their calculations 

showed that starting from ~35° obliquity, the maximal 
day-average temperature reaches the ice melting point 
at high latitudes; for higher obliquity the day-average 
temperature exceeds 0°C at pole-facing slopes at lower 
latitudes, up to 45° latitude at 45° obliquity at 20-30°-
steep slopes. Transient melting of ground ice in sum-
mer is responsible for formation of gullies and other 
features, promotes downslope movement of material 
and removes steep slopes. At midlatitudes, this process 
preferentially occurs at the pole-facing slopes, making 
these slopes less steep and producing the observed 
strong asymmetry of the steepest slopes. Summer-time 
creep (without melting) of thin sheets of ice-rich mate-
rial on steep slopes can contribute to the observed ef-
fect in a similar way. During periods of moderately 
high obliquity, when the atmospheric water is abun-
dant, but pole-facing slopes are still colder in summer, 
preferential H2O frost and ice accumulation could oc-
cur at pole-facing slopes. This would favor glacial 
modification of these slopes. The latter effect, how-
ever, cannot be solely responsible for the observed 
asymmetry, because it would not have so narrow a 
latitudinal occurrence. 

Our interpretation of the zonal bands of slope 
asymmetry as a result of transient melting at high 
obliquity indicates that transient melting of ground ice 
contributes to the latitudinal trend of roughness on 
Mars. Another obvious contributor is the high-latitude 
ice-rich mantle [5]. 
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Introduction:  The strongest crustal fields are lo-

cated in certain regions in the Southern hemisphere. In 
the Northern hemisphere, the crustal fields are rather 
weak and usually do not prevent direct interaction be-
tween the SW and the Martian ionosphere/atmosphere. 
Exceptions occur in the isolated mini-magnetospheres 
formed by the crustal anomalies. Electron density pro-
files of the ionosphere of Mars derived from radio oc-
cultation data obtained by the Radio Science Mars 
Global Surveyor (MGS) experiment have been com-
pared with the crustal magnetic fields measured by the 
MGS Magmetometer/Electron Reflectometer 
(MAG/ER) experiment. A study of 523 electron den-
sity profiles obtained at latitudes from +67o to +77o has 
been conducted. The effective scale-height of the elec-
tron density for two altitude ranges, 145-165 km and 
165-185 km, and the effective scale-height of the neu-
tral atmosphere density in the vicinity of the ionization 
peak have been derived for each of the profiles studied.  
For the regions outside of the potential mini-
magnetospheres, the thermal pressure of the iono-
spheric plasma for the altitude range 145-185 km has 
been estimated. In the high latitude ionosphere at Mars, 
the total pressure at altitudes 160 and 180 km has been 
mapped. The solar wind interaction with the iono-
sphere of Mars and origin of the sharp drop of the elec-
tron density at the altitudes 200-210 km will be dis-
cussed.  
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Introduction: At the early stage of the martian history, a 
dense thick atmosphere has been suggested to exist. Consid-
ering the present state of thin atmosphere, large amount of 
CO2 should be stored somewhere in the martian crust.  To 
detect, characterize and quantify this volatile reservoir is one 
of the important tasks expected for the geomorphological 
study on the martian surface features. To determine the 
amount of this reservoir and to understand its formation 
process are the direct target of these researches.  

Among several surface features morphology of impact 
craters is expected as an potential measure for the subsurface 
reservoir of the volatiles since excavation process associated 
with cratering efficiently plows the subsurface region. Sev-
eral investigations have been conducted on rampart craters. 
Barlow and Bradley [1] suggest the target properties contain-
ing the volatiles control the lobate structure. Kuzmin[2] 
report spatial distribution of subsurface volatiles based on 
the onset size of rampart crater. Costard[3] focuses on the 
extent of fluidized ejecta to infer the volatile distribution. 
Here we will report results of volumetric/morphometric 
analysis of fresh impact craters in Utopia Planitia and south 
of Acidalia regions with an intention to characterize subsur-
face reservoir of volatiles. 

 
Data set: The basic data sets are MOLA MEGDR(gridded 
1/128 deg/pix data set) and Viking and MOC high resolution 
images. In the volumetric analysis we evaluated how the 
ejecta volume is partitioned around the cavity by subtracting 
the pre-craterinrg topography from the present one. The pre-
cartering topography was estimated by interpolating the 
surrounding topography. We restricted the size of craters for 
the analysis between 8 to 20 km.  8 km is a minimum size for 
reliable estimate of ejecta volume based on the MEGDR 
MOLA data. We selected two regions in the northern hemi-
sphere, region A;Utopia Planitia (225W-275W and 15N-
45N) and region B;south of Acidaliaa ( 30W –75W and 15N-
45N).  Region A has been strongly suggested to stock the 
ground ice because the characteristic features such as poly-
gons are exclusively observed on the surface[4]. Both re-
gions cover the low elevation area where the water from the 
outflow channels could be inevitably ponded. 
 
Results:  
1) crater classification 
In these two regions we could identify two different types of 
morphology as for the fluidized ejecta in the diameter range 
of 8 to 20 km. Fig. 1 represents typical features of these two 
types. Type A covers pedestal type craters and double-lobed 
rampart craters. The key feature of this type is existence of 
well-developed inner lobe with a faint trace of outer lobe. 

The volume of the inner lobe is almost equivalent to the 
cavity volume except for the several cases at the high lati-
tudes. Clear high resolution images indicate almost all pedes-
tal type craters have aureole-like albedo change around the 
voluminous pedestal ejecta, which would be equivalent to 
the outer lobe of the double-lobed rampart craters in these 
regions. High resolution images also show radial stria-
tions/scours on the surface of the inner lobe, which are 
scratches caused by the flow event resulting in deposition of 
the outer lobe. This indicates the deposition sequence of two 
events;the inner lobe formed first and the outer lobe later. As 
a summary for the features of type A craters, double occur-
rence of ejecta deposition with different characteristics by a 
single impact event is a distinct nature. Particularly the exis-
tence of the delayed  explosive event is remarkable. Type B 
on the other hand is basically single lobed rampart crater.  In 
several cases multiple lobes are observed but they lack of 
well developed inner lobe.  
2) Spatial distribution 
We could classify craters into two types ant their  spatial 
distribution was determined.  In the northern and low eleva-
tion regime in region A, Type A is dominant and in the 
southern and high elevation regime, Type B is dominant. 
Similar pattern can be seen in region B.  Fig. 2 shows the 
histogram of crater counts in terms of the elevation. At the 
transition boundary of the elevation of –4000m the dominant 
type changes in both region A and B. It is interesting that 
this value coincides with the elevation of the Contact 1 of the 
paleo-shoreline in these regions proposed by Head et al[5]. If 
paleo-ocean existed, it can be said that Type A craters were 
formed in the region once water covered. 
 
Speculation on the formation of Type A crater: To gener-
ate double deposition events by a single impact in the case of 
Type A craters, a process with time-delayed nature should be 
involved. Formation of vapor plume above the cavity[6] and 
segregation in the ejecta curtain[7]  can explain time-delayed 
vapor-rich explosive event. Formation of striation/scours on 
the surface suggests icy blocks are contained in this gas-rich 
flow. Since Type A is dominant in the paleo-ocean region we 
suspect large and extensive development of subsurface res-
ervoir of volatiles in this region. 
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Fig.1c Topography profile of Type A along the in-
serted lines in Fig 1a. 
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Fig.1d Topopgraphy profile of Type B along the 
inserted line in Fig 1b. 
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Fig.2a. Histogram of crater counts with elevation in re-
gion A  
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CERBERUS PLAINS VOLCANISM: CONSTRAINTS ON TEMPORAL EMPLACEMENT OF THE
YOUNGEST FLOOD LAVAS ON MARS.  P. D. Lanagan and A. S. McEwen; Lunar and Planetary Laboratory,
University of Arizona, Tucson AZ 85721 (planagan@lpl.arizona.edu).

Introduction: The Cerberus Plains (CP) (Fig. 1)
are located on the southeastern margin of the Elysium
Rise and extend for over 3000-km from east to west
and ~600-km from north-to-south. The plains are
bounded to the northwest by the Athabasca Valles
outflow channel and ridged Elysium lavas, to the
north by cratered, knobby terrains, and to the south
by the Medusae Fossae Formation and ridged plains.
The Marte Valles outflow channel joins the eastern
Cerberus Plains with the lower-elevation western
Amazonis Planitia. A system of WNW-ESE trending
fissures of the Cerberus Fossae cut across the Cer-
berus Plains, the northern knobby terrains, and por-
tions of the ridged Elysium lavas.

Since the Cerberus Plains exhibit smooth surfaces
at Viking image resolutions and few impact craters,
[1] and [2] interpreted this region as being the young-
est on Mars and defined this region as the referent for
Upper Amazonian units. The presence of teardrop
islands in Marte Valles and the smooth character of
the plains led them to interpret the surfaces in this
region as fluvial deposits from floods emanating from
Cerberus Fossae. On the basis of USGS Viking-based
topographic maps which indicate that the plains lay in
a closed basin, Scott and Chapman [3] interpreted
surfaces in the region as pluvial sediments deposited
on top of volcanic surfaces by a paleolake which sub-
sequently debouched through Marte Valles and west-
ward in the southwestern plains. However, Plescia [4,
5] noted the presence of sparsely cratered, lobate,
convex-ridged surfaces with morphologies consistent
with unmodified lava flows and interpreted the sur-
faces to be lava flows filling pre-existing fluvial
channel systems.  MOC images confirmed that these
plains are covered by lava flows, and that they are
very similar to flows in Iceland [6]. Sakimoto [7]
identified several shields, edifices, and lava flows and
argued for a period of plains-style volcanism in this
region.

We examine the spatial and stratigraphic relation-
ships between Cerberus Plains volcanic units and
surrounding units and derive constraints for volumes
of volcanic materials extruded and the duration of
volcanic activity within the Cerberus Plains.

Major Features of the Cerberus Plains: Both
Mars Orbiter Laser Altimeter data and high-
resolution Mars Orbiter Camera (MOC) images were
used in this study. A digital elevation model (DEM)
and shaded relief map of the Cerberus Plains and
Amazonis Planitia were produced from MOLA data

using the natural-neighbor interpolation technique
[8]. Mars Orbiter Camera (MOC) narrow angle im-
ages of the Cerberus Plains and Amazonis Planitia
with resolutions up to ~1.5 m/pixel [9] were also ex-
amined. MOC images, while covering a very small
fraction of the entire Cerberus Plains, are useful for
examining meter-scale morphologies of surfaces.

Lava Plains: The MOLA DEM shows the Cer-
berus Plains exhibits extremely low gradients with
regional slopes on the order 0.025 degrees. In some
isolated locales, knobby terrains with relief on the
order of 200-300 m, rims of large (> 20-km diameter)
craters, and 100-m amplitude wrinkle ridges are visi-
ble. A low amplitude topographic divide trending
roughly NE-SW southeast of Athabasca Valles splits
the CP into the western Cerberus Plains (WCP) and
eastern Cerberus Plains (ECP). In the ECP, surfaces
generally slope downward to the east towards Marte
Valles (MV).

Several shields measure up to ~100-km in basal
diameter and rise up to ~100-m elevation above the
surrounding plains. Linear edifices lie on portions of
the trace of the Cerberus Fossae and measure up to
several 100-km in length and have elevations of sev-
eral 10's of meters above the surrounding terrains.
Extending from many of these shields and linear edi-
fices are large lava flows which extend downslope in
length from 10's of kilometers to over 1000-km and in
width from several kilometers to over 100-km. Sev-
eral of these lobes extend into Marte Valles, truncate
kilometer-wide, 20-m deep dendritic depressions near
the proximal end of MV, and terminate in southwest-
ern Amazonis Planitia (AP). The surfaces of some of
the flow lobes exhibit a central depression down the
long axis of the deposit. Many of these units overlap,
suggesting they were emplaced at different times. The
flow fronts within the ECP and southwestern AP are
as high as 40-m. In the WCP, flow fronts, which often
bound wrinkle ridges, are nearly undetectable in the
shaded relief map; however, there are local variations
of ~5-10-m in topography in places.

Narrow angle MOC images show that many of the
surfaces within the Cerberus Plains are covered by
platy-ridged surfaces, patterned surfaces, and surfaces
exhibiting topography indicative of inflated lava
flows (Fig. 2). Platy-ridged surfaces are comprised of
plates 100-1000-m long which appear to have been
rafted apart. These plates often appear to fit together
like a jig-saw puzzle, exhibit shear structures around
positive relief features, and have ridges ~10-m in
height (as derived from shadow measurements).
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Between plates are smooth areas (at MOC scales)
covered by small-scale polygons approximately a few
10's of meters in diameter. Shading relationships in-
dicate that the edges of the polygons appear to be
depressions and do not show signs of warping up-
wards at their edges, as is typical from cooling and
contraction of ponded lava.

The margins of some of the platy-ridged surfaces
are bounded by surfaces which are composed of
small, positive relief elongated bumps often a few
10's of meters across which exhibit a mottled appear-
ance at MOC resolutions. In many places, the surface
appears to have risen around positive topographic
features such as small knobs, ridges, or crater rims,
like inflated lavas.

Martian platy-ridged surfaces have been inter-
preted as insulated sheet lava flows based on com-
parisons with Icelandic flows with similar platy-
ridged morphologies [6]. According to Keszthelyi et
al. [6], insulated sheet flows initially form as inflated
pahoehoe fields. A surge in the eruption rate forces
more lava to be injected into the flow than the lava
tubes can conduct; as a result, the surface of the pa-
hoehoe flow is disrupted into large (100-m to km long
plates) and rafted downslope. Such lava flows on
Earth often show shear structures where lava flows
around and over obstacles, compressional ridges, and
lobate margins [6]. The martian surfaces in this re-
gion display each of these characteristics.

Patterned surfaces are consistent with chilled
ponded lavas. As ponded lavas cool, tensional cracks
form at the surface, thus resulting in a patterned ap-
pearance to these lavas.  Terrestrial examples of such
lavas occur in former lava lakes such as Kilauea Iki
[10]. As noted previously, patterned morphologies
are noted on the margins of insulated sheet flows.
That suggests that lavas at the margins of the platy-
ridged flows were ponded and stagnant as they
cooled. Patterned lavas are also noted in intra-plate
regions within insulated sheet flows. This suggests
that, in these regions, an initially ponded lava was
allowed to cool to the point where cooling cracks
formed on the surface until a surge in the eruption
rate caused the ponded surface to break into plates
which were subsequently rafted.

The hummocky and mottled appearance of some
surfaces is consistent with those expected of tube-fed
inflated pahoehoe fields. During early emplacement
of such lavas, small topographic barriers dam or di-
vert initially thin lava flows. As the eruption contin-
ues, lava injected under the cooler, hardened surface
via tubes lifts the surface of the flow above the initial
barrier. In the Laki flow, inflated lavas are found near
the margins of platy-ridge flows. A similar relation-
ship is found within the Cerberus Plains.

Medusae Fossae Formation: The Medusae Fossae
Formation (MFF) bounds the southern portions of the
Cerberus Plains and Amazonis Planitia. The maxi-
mum elevation of these units is approximately 1-km
over the CP. Large valleys are noted within the MFF
with elevation excursions of several 100-m. MOC
images of the MFF reveal massive friable deposits
exhibit weak, large scale layering and yardangs. In
several locations, most notably in southern Amazonis
Planitia and south of Athabasca Valles, these friable
materials clearly overlie nearly pristine platy-ridged
surfaces [9]. However, lava flows appear to embay
the lower members of the MFF in the extreme south-
western and southeastern portions of the CP. These
observations suggest that periods of lava emplace-
ment and MFF deposition are interweaved.

The lava surfaces eroding out from under the MFF
are well-preserved and not noticeably eroded, thus
suggesting that the MFF may be made of low density
materials. Additionally, the MFF has been associated
with regions of low radar backscatter, also consistent
with low density materials. Radar-stealthy portions of
the MFF may be reticulite, deposits of high porosity
pyroclastic materials [6].

Fluvial Channels: Streamlined knobs, anasto-
mosing channels, and longitudinal grooves are noted
in both Athabasca Valles and Marte Valles [11]. The
edges of several pristine flow lobes are visible on the
banks of Athabasca Valles. In Marte Valles, while the
channel appears to cut through older lavas, the chan-
nel floor is embayed by platy-ridged lavas.

Discussion: Volume estimates for volcanics: The
areas covered by lava flows which postdate the last
fluvial event in Marte Valles in the western Cerberus
Plains is approximately 1.7x105-km2. Areas covered
by post Marte Valles lavas originating in the ECP is
approximately 9.3x105-km2. The total area of the
Cerberus Plains lavas emplaced after the last Marte
Valles fluvial episode is 1.1x106-km2. Identifiable
individual flows vary widely in area, from several
small flow lobes in the vicinity of the Cerberus Fos-
sae with areas of ~1000-km2 to a flow which termi-
nates in the proximal end of Marte Valles with an
area of ~72000-km2.

Estimates on the thicknesses of individual lava
flows may be obtained through flow front height
measurements, and estimates on the thicknesses of a
package of overlapping lava flows may be obtained
from an examination of craters embayed and partially
filled by lavas. In the WCP, the few recognizable
flow fronts are no larger than 10-m in height. How-
ever, wrinkle ridges with amplitudes of ~90-m disap-
pear under the embaying lavas, so the total thickness
of WCP lavas may be >100-m thick in some places.
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In the ECP, individual flow fronts identified in the
shaded relief map range in heights between 20-40 m.
Based on partially filled craters, Plescia [4, 5] esti-
mated that the average thickness of the eastern Cer-
berus Plains volcanics  was approximately 200-m.
However, as the post-MV flows may have been em-
placed over pre-MV flows, this is likely an upper
bound for total thicknesses of the ECP flow fields.

The 72000-km2 flow identified above has a flow
front thickness of ~25-m, which indicates that the
flow would have a volume of 1800-km3. Assuming
thicknesses of WCP lavas range between 10-100 m,
likely volumes for WCP lavas range between
1.7x103-1.7x104 km3. Assuming the total average
thicknesses of post-Marte Valles flows in the ECP
range from 25-200-m, the likely volumes for ECP
lavas range between 2.3x104-1.8x105 km3. The total
volumes of post MV lavas in the CP would range
between 2.5x104-2.0x105 km3.

Age of Most Recent Volcanism: Statistics of small
craters have indicated that these lava surfaces have
model ages as young as 10 Ma [11, 12, 13]. However,
most of the craters counted in all three of these stud-
ies may be secondary craters from a single 10-km
primary crater [14]. Craters larger than 1-km diameter
are much more reliable for age estimates. Plescia [4,
5] counted 89 craters larger than 1-km diameter over
the plains, suggesting an age of 200-500 Ma. How-
ever, we concur with [12] that many of these large
craters are embayed by the youngest lavas. In fact, we
have not found a single large crater directly superim-
posed over the youngest lavas. There is one 0.5 km
crater superimposed over the lava, seen from MOC
images covering a total of 6600 km2. This single cra-
ter, if it is a primary crater, suggests an age for the
lava of less than 100 Ma according to the chronology
of either Hartmann or Neukum [15].

Time to Emplace CP Volcanic Fields: Modeling
of insulated sheet flows suggest that the average
eruption rates for CP lavas were likely on the order of
104-m3/s [6]. At such a rate, a flow with a volume of
1800-km3 would be emplaced in roughly 6 years. As
this volume applies to one of the larger lava flows,
this suggests that individual lava flows were em-

placed in time periods of less than a decade. Smaller
lavas emplaced at this volumetric rate would corre-
spondingly be emplaced in less time. For the volumes
of all post-MV lava flows calculated in the previous
section, all post-MV flows would be emplaced within
roughly 30-300 years. Crater counts have been inter-
preted to indicate that there is an age difference of at
least several 10's of millions of years between lavas in
Marte Valles and Athabasca Valles [11]. If this is
correct, then it is likely that there were significant
periods of quiescence between volcanic events.

Vent Migration: Vent activity appears to migrate
westward with time. Lava flows originating from
western portions of the CF tend to overlie flows
originating from more eastern portions of the CF.
This trend echoes the conclusion of Burr et al. [11]
that channels in the region tend to be younger the
further west they are located. The migration of loci
for volcanic eruptions, source regions for outflow
channels, and the continued extension of the Cerberus
Fossae suggest that the regional stress field is not
static.
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Figure 1: Shaded relief map of the Cerberus Plains and vicinity. Colors indicate geomorphic provinces. Units de-
scribed in this paper are as follows: red - lavas emplaced after last Marte Valles fluvial episode; blue - fluvial sur-
faces; green - Medusa Fossae Formation; purple - ridged plains; brown - highland remnants. Abbreviations for re-
gions are as follows: WCP - Western Cerberus Plains; ECP - Eastern Cerberus Plains; AV - Athabasca Valles; MV-
Marte Valles; AP - Amazonis Planitia; MFF - Medusa Fossae Formation; RP - ridged Elysium Plains.

Figure 2: MOC image M07/02340 showing different morphologies of lava surfaces. A - platy-ridged lavas; B - pat-
terened lavas; C - inflated lavas; D - cratered terrain.
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Introduction:  Recently two landing sites were
selected for the upcoming Mars Exploration Rover
(MER) missions that will be sent to the surface of Mars in
the summer of 2003 and will land in early 2004..  The cho-
sen locations are Gusev Crater and Meridiani Planum.
This work will focus on characterizing the Meridiani
Planum landing site region using data from the Ther-
mal Emission Imaging System (THEMIS) instrument
aboard the currently orbiting Mars Odyssey spacecraft.

The Meridiani Planum region of Mars is known to host
gray, possibly platy, hematite [1,2] in occurrence with basalt
[3].  The THEMIS instrument operates in both the VIS
and thermal IR wavelengths as a push-broom, mul-
tispectral imager.  THEMIS hosts 5 VIS bands and 10
IR bands.  THEMIS is a spacecraft-mounted, nadir-
looking instrument whose IR and VIS camera focal
planes have 320 and 1024 across-track picture ele-
ments (pixels), respectively.  For additional details
regarding the instrument characterization see [4].

This study utilizes single-band images from the
visible (VIS), daytime infrared (IR), and nighttime IR
data for crater population analyses and also multi-band
daytime IR data for compositional analyses.

Single-band Crater Population Studies:  Numer-
ous crater population studies of various planetary
bodies have been conducted to ascertain the relative
ages of geologic units exposed at the surface [e.g., 5-
13].  Spacecraft images from the Ranger, Lunar Or-
biter, Surveyor, and Apollo missions (as well as the
Soviet Luna and Zond missions) have provided views
of the craters on the lunar surface.  These craters have
been correlated with age dates determined for the lunar
samples that were returned during the Apollo and Luna
missions.  From those and other studies absolute ages
for various lunar surfaces have been determined
[e.g.,14-18].  For other planetary bodies, such as Mars,
from which there has been no sample return from spe-
cific locations on the planet (i.e., within specific geo-
logic units), estimated surface ages are ascertained by
applying the lunar crater production curve using Mar-
tian crater scaling laws.  Scaling laws account for vari-
ous differences between the Moon and Mars, such as
surface gravity, crustal strength, density and structure
of the body, impact velocity, and proximity to the as-
teroid belt or the presence of a Martian atmosphere
that may affect the production of secondary craters
[e.g., 9,14,15,19].

To date, visible images (photographs) traditionally
have been used for crater population studies.  Cur-
rently the Mars Odyssey spacecraft Thermal Emission
Imaging System (THEMIS) instrument is acquiring
images both in the visible (VIS) and thermal infrared
(IR) ranges of the electromagnetic spectrum.  One fo-
cus of this study is the utilization of the recently ac-
quired THEMIS data for determining ages of Martian
surfaces, and especially the viability of using thermal
images, in addition to visible images, to conduct such
counts.  The capability of utilizing the thermal images
for crater population studies is advantageous because
by the end of the Mars Odyssey nominal mission,
THEMIS will provide unprecedented full global cov-
erage at 100-m spatial resolution.  Another focus of
this work is to interpret the THEMIS crater counts in
concert with a few additional Mars Orbiter Camera
(MOC) counts to analyze the geological history of the
Meridiani Planum landing site.

Crater Counting Technique:  The craters in the
THEMIS images used in this study were counted and
their diameters were measured; no distinction was
made on the basis of crater morphology or the possi-
bility of being a secondary crater.  These size-
distribution results were compared to a known pro-
duction function over a wide range of diameters, D.
For this study the production function used was based
on data of Hartmann and Neukum, as analyzed by
[19].  This technique is limited to about 10% accuracy
in crater-count numbers and an estimated factor of 2 to
4 in absolute age [20].  The plots used in this study are
based upon Rbolide of 2.6, where Rbolide = (bolides/km2 ·
yr on Mars) / (bolides/km2 · yr on the Moon) at a fixed
bolide diameter.  This is an average of Rbolide = 2.0
from [19] and Rbolide = 3.15 from Bottke [unpublished
data].  Further discussions related to the determination
of Rbolide can be found in [19-21].

THEMIS Data Coverage:  The data of the Meridi-
ani Planum landing site considered for the crater
population portion of this study consist of orbits 968
through 2778.  These orbits represent areocentric lon-
gitude Ls 336 to 48, respectively, and were collected
from 04 March 2002 to 31 July 2002.  The spacecraft
altitude was approximately 400 km, corresponding to a
nadir data resolution of approximately 100 m/pixel for
the infrared images and 18 m/pixel for the visible im-
ages.  The images used in this study were all VIS-band
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3 (centered at 0.652 µm) and IR-band 9 (centered at
12.57 µm) data because of the better image quality
(e.g., atmospheric transparency).

The overlapping Meridiani Planum landing site el-
lipses (for either launch opportunity) are centered at
2.07 ºS, 6.08 ºW and are approximately 118-km long
and 17-km wide, trending azimuthally at 86 and 88º.
Within these ellipses data have been collected by the
THEMIS instrument in order to support the landing
site evaluation.  This part of the study has focused on
the THEMIS data that occur within the Meridiani Pla-
num landing site to test the viability of using both VIS
and IR images to conduct crater population studies and
to determine the ages of the geologic units therein.

Visible Imaging Data:  Four VIS THEMIS images
were acquired of the Meridiani Planum landing site
area: V01499001, V02585001, V01137001, and V01836001
(Figure 1).  These images were all used for this crater popu-
lation study.  Within each image, only areas that occur
within the landing site ellipses were analyzed in order to
address the landing site characteristics specifically and all
craters were counted.  The crater counts for one representa-
tive area is shown in Figure 2 (crater counts for all four areas
yielded similar results).

Figure 1:  Map of the location of the THEMIS VIS
images occurring within the proposed MER landing
site in Meridiani Planum and related MOC images
utilized in this study.  The lat/lon lines represent 0ºN
and 5ºW.

Daytime Thermal Imaging Data:  The VIS images are
nested within thermal IR daytime images acquired at
the same time; however, the thermal images are 32-km
wide whereas the visible images are only 18.4-km
wide.  Thermal IR daytime images that correspond to
the above-mentioned visible data were analyzed for
this study (i.e., I0498005, I02584004, I01136002, and
I01835005, respectively).  The areas counted in these
data were restricted to the areas defined in the VIS

data discussed above (Figure 2) such that a direct
comparison could be made.

Figure 2.  Crater diameter distributions for the VIS,
daytime IR, and nighttime IR images within the land-
ing ellipse.  Error bars reaching the abscissa occur
when there is only one crater for that size bin.

Nighttime Thermal Imaging Data:  Seven nighttime
images (I0099302, I01692007, I02416002, I02778002,
I01330006, I01667003, I00968006) share areas within
the Meridiani Planum landing site ellipses that are
covered by the above-mentioned VIS and IR daytime
images.  The nighttime data tracks trend differently
from the daytime tracks (i.e., NW-SE versus NE-SW),
hence the single-track data do not exactly correspond
to the restricted VIS and daytime IR areas counted and
shown in Figures 1 and 2.  Because of this difference,
an image mosaic was constructed of the nighttime
thermal IR images that allowed crater counts to be
conducted in areas of the mosaic that do correspond to
the areas covered by the VIS data (and related daytime
IR data) shown in Figure 1.  Nighttime count results
are also plotted in Figure 2 for direct comparison of
the visible/daytime IR/nighttime IR landing ellipse
crater population study results.

Results: In each of the three THEMIS data sets
(i.e., VIS, daytime IR, and nighttime IR) most craters
of all diameters >~63 m have indistinct ejecta patterns
in Meridiani Planum.  There are few exceptions in the
studied images.  The lack of discrete ejecta likely is a
result of physical weathering and degradation of the
craters.  The crater populations derived from the
THEMIS data for the Meridiani Planum landing site
area (Figure 2) do not follow any particular isochron,
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but rather lie roughly horizontally on the plot, crossing
many isochrons, in the diameter range of ~63 m < D <
1 km.  This behavior suggests that the exposed surface
does not represent a pristine, unaltered, single-aged
surface, but rather suggests loss of craters by deposi-
tion and erosion in all but the largest size fractions.
The largest craters (~> 2-km-diameter) on the plots in
Figure 2 approach the 4 Gy isochron.  This relation-
ship agrees with the counts of very old, degraded “fos-
sil” craters in the broader Meridiani Planum area dis-
cussed by [22], which were found to cluster just below
the saturation level.  These data thus suggest that the
landing site in Meridiani Planum is originally an an-
cient surface of approximately that age.  Previous
studies using higher resolution MOC data indicate that
there exists a smaller-diameter (approximately 16 to
90-m), fresh, bowl-shaped crater population in the
broader Meridiani Planum region that does follow the
slope of the isochrons, suggesting a recent exposure
age of this surface of approximately 10 My (perhaps in
the range of 1-40 My) [22-24].  New counts of “fresh”
craters were conducted for this work using MOC data
(E02-00970, E11-02561, E05-00801, and E05-02642)
that occur within the footprints of the VIS images
(Figure 1,2).  These new additional data trend with the
production-function isochrons (between ~1 and 10
My) implying that the smaller, younger craters in the
Meridiani Planum landing site area have remained
fairly pristine and that intense crater degradation was
not occurring in this region in Mars’ recent geological
history.  It is possible that Mars is currently in a low-
erosion era controlled by obliquity/climate variations
as discussed by [25,26].

[5,7,11,13,27,28] discussed mathematical models
of the effects of deposition and erosion on the Martian
crater population, showing that prolonged ero-
sion/deposition removes mid-sized craters and flattens
the size distribution, but if that activity ends or dra-
matically declines, a new production-function size
distribution will be established at small sizes.  The
shapes of the crater population curves generated for
this study using THEMIS and MOC crater counts are
essentially the same (Figure 2) and represent a dra-
matic example of this type of resurfacing history, sup-
porting the early models.

Although the data resolution is different for the
THEMIS VIS and IR images, the determined crater
densities for the overlapping crater size bins in Figure
2 are similar between the visible and daytime IR
counts.  The nighttime IR counts, however, routinely
plot at lower densities than the daytime IR counts be-
cause the number of craters are underestimated due to
some thermal homogeneity of the surface at night;
during the day solar illumination heats the crater walls

and other slopes allowing the warm areas and the
thermal “shadows” to define the crater boundaries.
Not only are some craters not identified using the
nighttime IR data, but also, for several size bins where
craters were identified using the daytime IR data, there
were no craters identified using the nighttime data.
Hence the age of the surface for any given size-
fraction bin are underestimated in Meridiani Planum
using the nighttime IR data.

The early Mars missions, such as Mariner 9 and Viking 1
and 2, provided fairly low resolution images of the planet,
whereas the more recent Mars Global Surveyor mission pro-
vided high-resolution images from specific areas but lacked
global coverage.  By the end of the Mars Odyssey mission,
the planet will be imaged globally in the midinfrared at 100-
m/pixel resolution.  There will be significant coverage at
visible wavelengths, but likely not full global coverage.
Hence the THEMIS images bridge the gap between the
lower-resolution, global and higher-resolution, postage-
stamp data sampled previously by earlier missions.  It has
been shown in this paper that the THEMIS IR data set can be
used in the traditional manner for crater population studies
(especially for the daytime images) and, because the thermal
data set will be globally complete, it will be extremely useful
for crater population studies of mid-sized craters on Mars.
The shape of the crater population curves determined using
THEMIS data show Meridiani Planum to be a dramatic ex-
ample of an area on Mars that has had substantial crater
obliteration (by erosion and deposition), followed by a ces-
sation of crater degradation in the last ~10 My.

Multiple-band Compositional Analyses:  Figure
3 shows a mosaic of daytime IR images from the Me-
ridiani Planum area of Mars.  This mosaicked image is
the result of a decorrelation stretch (DCS) of the data
and assignment of bands 3, 5, and 8 to red, green, and
blue, respectively.

The mosaic shows image-to-image color variations
resulting from the DCS being performed for each im-
age strip individually and because atmospheric correc-
tion has not been performed.

At this preliminary point, spectral emissivity stud-
ies are beginning and the varied colors in Figure 3
show that compositional differences are present.  The
area corresponding to the future landing site of the
Mars Exploration Rover appears to be fairly homoge-
neous.  The eroded, muted craters and other subtle
geomorphic features seen in the Mars Observer Cam-
era and THEMIS visible and daytime IR images of the
landing site region support that this landing site area
does not exhibit dramatic geology.
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Figure 3:  Mosaicked THEMIS daytime IR data of
Meridiani Planum.  The arrow points approximately to
the western end of the Mars Exploration Rover landing
site ellipse.
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1. Introduction:  Planetary neutron spectroscopy 

has proven to be highly successful in remotely detect-
ing and measuring the abundance of water on planetary 
surfaces such as Mars and the Moon [1,2].  Because of 
the central role played by water on Mars and the need 
to make in situ measurements of water abundances for 
landed missions, neutron spectroscopy is also being 
investigated as a technique for quickly determining the 
near-surface water abundance for future Mars missions, 
such as the Mars Smart Lander (MSL) [3,4,5].   

We are currently developing a water- and hydrate-
sensing instrument called “HYDRA” that is being sup-
ported by the NASA Mars Instrument Development 
Program (MIDP).  Previous work has been supported 
by the NASA Planetary Instrument Design and 
Development (PIDDP) Program. A detailed description 
of the science justifications for the HYDRA instrument 
are given as a companion paper in this conference [5].  
Here we focus on summarizing results of modeling 
work that demonstrates surface based neutron spectros-
copy is indeed feasible and can be successfully carried 
for a wide variety of mission scenarios.  In particular, 
we have investigated 1) the effects of mounting a neu-
tron spectrometer (NS) on the body of a rover and/or 
lander; and 2) the effects of making neutron measure-
ments in the presence of a radioactive thermal genera-
tor (RTG) that produces copious amounts of neutrons.  
In both of these situations, we have determined that 
robust measurements of water content can be made 
using the technique of neutron spectroscopy. 

2.  Instrument Modeling  The most straightfor-
ward way to make neutron measurements on the Mar-
tian surface is to use 3He neutron detectors.  These 
detectors are proportional counters filled with 3He gas 
that has a high probability for absorbing neutrons.  
Advantages of 3He detectors include a large efficiency 
for detecting neutrons, low mass (3He sensors can be 
made for <100g), ruggedness (3He sensors have sur-
vived shocks of up to 1500g’s), and extensive space-
flight heritage on NASA and Department of Energy 
based missions.  Figure 1 shows a possible configura-
tion of how a HYDRA instrument might be imple-
mented.  The configuration includes two 3He tubes 
where one is covered in a layer of Sn and the other is 
covered in a layer of Cd.  As with the Lunar Prospector 
NS [6], the Cd covered tube measures epithermal neu-
trons and the Sn covered tube measures both thermal 
and epithermal neutrons.  Thermal neutron measure-

ments are obtained by subtracting the Cd counting rates 
from the Sn counting rates.   

 
 
 
Because HYDRA can be implemented on a variety 

of platforms (lander, rover, penetrator, borehole), the  
configuration of Figure 1 is only a template used for 
modeling purposes.  The exact geometry of a particular 
instrument can be configured to the given application.  
We expect that a HYDRA instrument of the type 
shown in Figure 1 can be built having a mass of 500 g, 
power draw of 500 mW to 1W, and a data rate of ∼1 
bit per second.   

For all portions of this study, we modeled the NS 
and its environment using the Monte Carlo code 
MCNPX [7].  MCNPX is being used extensively for 
the analysis of Mars Odyssey gamma-ray and neutron 
data [1,8].   

 
 

 
Figure 2 shows a drawing of the NS and surround-

ing environment used for this study.  The NS shown in 
Figure 1 is mounted on a simplified rover/lander hav-
ing a mass of 150 kg and is an approximation of the 
MER design [9].  For simplification, we have modeled 
the rover/lander mass as a (50 cm)3 cube made of 90% 
aluminum and 10% computer board material.  The 
computer board material is assumed to be 60% fiber-

3He Neutron 
Detectors 

Electronics 
Board 

16 cm long x 
1 cm dia. 

Figure 1:  Schematic diagram of a rover based neu-
tron detector. 

 rover/lander mass 
model 

dry soil 

hydrated 
soil

NS attached 
to 

Figure 2:  Drawing of the NS and environment used 
for the modeling of this study. 
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glass and 40% epoxy.  For the Martian surface, we 
have assumed a two-layer stratigraphy such that the top 
dry layer has a Pathfinder-type composition [10] and 
the semi-infinite bottom layer has the same soil 
composition with increasing admixtures of H2O.  
Finally, we have modeled the Martian atmosphere as 
having a composition of 70.63 wt.% O, 26.48 wt.% C, 
2.89 wt.% N, and a column thickness of 16 g/cm2.   

3.  Modeling a NS on a rover/lander platform  
While the technique of planetary neutron spectroscopy 
is sufficiently well-developed to make robust meas-
urements of water content from orbit, basic studies still 
need to be done to understand how well in situ neutron 
spectroscopy measurements can be made on the Mars 
surface.  Issues we have studied include: 1)  It is likely 
that any rover-based neutron detector will have to be 
mounted directly on the rover and/or lander.  What is 
the effect of the rover/lander material, including hy-
drogen, on the hydrogen detection capabilities of a 
neutron detector?  Will this material degrade the hy-
drogen detection capabilities of a rover based-neutron 
detector?  2)  What is the expected counting rate for a 
in situ neutron spectrometer?  3)  What is the influence 
of  the Martian atmosphere on the hydrogen detection 
capabilities of a neutron detector system?   

Figure 3 shows modeling results for bare 3He tubes 
on the surface and 3He tubes attached to a rover when 
the surface is bombarded by energetic galactic cosmic 
rays.  Figure 3a shows the epithermal neutron counting 
rate for varying amounts of H2O in soil buried under a 
15 cm thick dry soil layer.  As shown, epithermal neu-
trons are a strong indicator of H2O content such that 
increasing amounts of H2O show a lower epithermal 
neutron counting rate.  Furthermore, the rover mounted 
tubes show a higher counting rate than bare tubes.  For 
the most part, this is the result of neutrons from the 
surface being scattered and moderated by the rover 
material.  Finally, compared to earlier results with no 
atmosphere [3], the absolute counting rates are a factor 
of 2 – 3 higher with an atmosphere than with no at-
mosphere.  The qualitative counting rate profile, how-
ever, is very similar between the atmosphere and non-
atmosphere cases. 

Figure 3b shows the percentage change in counting 
rates for both the rover and bare tubes compared to a 
dry soil case.  As in the previous study, rover based 
tubes show somewhat lower sensitivity to H2O varia-
tions, but the variations are nevertheless significant.  
For example, when the lower layer has an abundance of 
10 wt.% H2O, the rover based counting rate change is 
only 8% lower than the bare case (71% signal change 
for a rover tube compared to a 77% signal change for a 
bare tube).  The rover body, therefore, has a small ef-

fect on the ability of using neutron spectroscopy to 
measure H2O.   

Finally, we can estimate the amount of time needed 
for making high precision measurements with good 
statistics for rover based tubes.  For example, if there is 
a location with 10 wt.% H2O underlying 15cm of dry 
soil, the epithermal neutron counting rate is 2.9 counts 
per second (c/s).  To achieve a counting rate uncer-
tainty of 10% takes 35 seconds (where uncertainty is 

defined as counts/1 ); an uncertainty of 5% is 
achieved in 2.3 minutes, and an uncertainty of 1% is 
achieved in 58 minutes.  These counting rate times are 
a function of the size of the 3He tubes and will scale 
roughly as the volume of the tubes.  Therefore, if 
smaller tubes are used, the required counting times will 
be correspondingly longer. 

 

 
 
 
 
 
 
 
4.  Modeling an NS in the Presence of an RTG 

Power Source.  In order to extend the surface life of a 
future rover/lander for the upcoming Mars Smart Lan-

Figure 3:  (a) Modeled epithermal neutron counting rates 
as a function of H2O for a semi-infinite layer buried un-
derneath 15cm of dry soil; and (b) percentage signal 
change from dry soil.  The black symbols show results for 
3He tubes attached to a rover/lander; the red symbols 
show results for bare 3He tubes on the surface.  

a 

b 
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der (MSL), it has been stated that the MSL will be 
powered with a radioactive thermal generator (RTG) 
[11].  While such a power source will extend the life of 
the rover mission, the intense radiation environment of 
an RTG-based MSL also raises questions regarding the 
NS measurement technique: 1) Will the background 
radiation from the RTG’s be too intense and over-
whelm the NS sensors, thereby preventing a measure-
ment of surface hydrogen content? 2) Conversely, is it 
possible to use the RTG radiation as a source that en-
ables the measurement of the surface hydrogen con-
tent?   

In order to answer these questions, we have mod-
eled the NS and rover/lander environment in the pres-
ence of a Cassini-like RTG power source, which is 
being considered for the MSL mission [12].   Figure 4 
shows the energy dependent neutron flux emitted from 
such an RTG.  The total energy-integrated flux is 1.2 x 
1011 n/cm-2 s-1.  We note that there is also a substantial 
gamma-ray flux in the vicinity of the RTG.  However, 
we will ignore the gamma-ray component in this study 
for two reasons: 1) gamma-rays are more easily 
shielded than neutrons, thereby decreasing their flux at 
the neutron sensor; 2) 3He neutron sensors are highly 
insensitive to gamma-rays [13], therefore reducing the 
effect of gamma-rays on the neutron measurements.   

 
 
 
 
Figure 5 shows the modeling results for thermal 

versus epithermal neutrons for various H2O contents 
and burial depths.  Figure 5a shows the results for neu-
trons produced by galactic cosmic rays (GCR) and 
Figure 5b shows the results for neutrons produced by 
an RTG.  A number of conclusions from these plots 
can be made.  First, for a given soil composition, H2O 
content and burial depth can be determined with ther-
mal and epithermal neutron measurements for both 
GCR and RTG produced neutrons.  However, the 
counting rate profiles between the two cases are quite 

different.  These differences are mainly due to differ-
ences in thermal neutron fluxes (see Figure 6).  Finally, 
the counting rates for RTG produced neutrons are 
much larger than for GCR produced neutrons.  For 
example, for a soil of 10 wt.% H2O buried under 15 cm 
of dry soil, measurements with 1% statistical uncer-
tainty can be obtained in 1 – 2 minutes for RTG pro-
duced neutrons compared to ∼1 hour for GCR pro-
duced neutrons.   

 

 
 
 
 
 
Figure 6 gives more detail regarding the differences 

in counting rate profiles between the GCR and RTG 
cases.  Figure 6a shows thermal neutrons versus H2O 
content for GCR produced neutrons with both a thin 
(15 cm) and thick (70 cm) dry layer.  As shown, for 
both thicknesses, the thermal neutrons show a decrease 
in the counting rate for increasing H2O content.  In 
contrast, Figure 6b shows thermal neutrons versus H2O 
content for RTG produced neutrons.  Here, for a thin 
layer, there is a strong increase in thermal neutrons 
versus H2O content; for a thick layer, there is almost no 
change in thermal neutrons for increasing H2O content.  
RTG produced thermal neutrons are therefore highly 

Figure 4:  Energy dependent neutron flux that is emitted
from a Cassini-like RTG being considered for the MSL
mission. 

Figure 5:  Thermal neutrons versus epithermal neutrons 
for various H2O contents and burial depths for both (a) 
cosmic ray and (b) RTG produced neutrons. 

b 

a 
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sensitive to near surface H2O.  This sensitivity is due to 
the short penetration depth of RTG primary neutrons 
compared to cosmic rays, and to the large moderation 
of primary RTG neutrons to thermal energies from the 
near surface H2O.   

 

 
 

 
 
 
 
5.  Summary and Conclusions:  Based on these 

modeling studies, we can arrive at a number of conclu-
sions.  1) Mounting a NS on a rover/lander increases 
the neutron counting rate, but does not dramatically 
decrease the hydrogen detection sensitivity.  2) Water 
abundance measurements of moderate precision (5 – 
10%) can be made in minutes using only galactic cos-
mic rays as a source of the neutrons.  High precision 
measurements (<1%) can be made in an hour, again 
only using cosmic rays as the source of the neutrons.  
3) Figure 5a shows that even small amounts of H2O can 
be detected even when buried under 70 cm of dry soil.  
4) In situ neutron spectroscopy at the surface of Mars is 
feasible even in the presence of an RTG power source.  
In fact, RTG-produced neutrons provide a good means 
of measuring the near-surface H2O content with high 

counting rates.  These high counting rates increase the 
operational flexibility for a MSL rover by allowing 
high-precision (<1% statistical uncertainty) to be made 
in minutes.  5) RTG produced thermal neutrons enable 
a very sensitive measurement of near surface (5 –15 
cm) H2O content.   
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2003; [12] Jun I., JPL, pers. comm., 2002; [13] Hahn 
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Figure 6:  Thermal neutrons versus H2O content for (a)
GCR and (b) RTG produced neutrons. 
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Introduction

This paper presents preliminary results of the first three di-
mensional simulations of the Martian photochemistry. Up to
now only one-dimensional models (e.g., [1], [2], [3], [4]) have
generally been used to determine the vertical profiles of trace
constituants in the Mars atmosphere. These models have been
very useful to estimate the globally averaged distribution of
chemical species as a function of height, and have emphasized
the role of water vapor to explain the classical problem of
the stability of the Martian CO� atmosphere. However, one-
dimensional models cannot represent the dramatic meridional
variations of the distribution of trace species caused by the
usually strong pole-to-pole gradient of atmospheric tempera-
ture and water vapor. The effects of the meridional transport of
chemical species are also ignored, and a highly uncertain eddy
diffusion coefficient is used to represent the vertical transport
and mixing. The only two-dimensional simulations published
by Moreau et al. [5] provided a better description of the inter-
action between dynamics, radiation, and chemistry, although
the model did not include a consistent representation of the
water cycle nor a treatment of the dynamics near the surface
where the topographical effects are important.

In the present work, a new chemical model of the Martian
atmosphere has been coupled to the general circulation model
(GCM) developed at LMD for the last 10 years [6]. Trace con-
stituents are tranported by the three-dimensional winds and
convective processes calculated by the GCM. Their chemical
evolution is computed by the chemical module as a function of
the pressure and temperature fields, solar zenith angle, helio-
centric distance, and the amount of water vapor, which is also
affected by condensation and sublimation processes. The evo-
lution of the chemical species is therefore computed in three
dimensions over the Martian globe and is fully interactive with
the GCM dynamics, radiation field, and water cycle. Presently,
we use a rather low horizontal resolution (�����Æ����

Æ), with
32 vertical layers, from the surface up to 120 km.

The photochemical module

The first version the chemical model used in the present work
describes the chemistry of oxygen, hydrogen, and CO. Eleven
species are taken into account and individually transported by
the coupled model (O, O(�D), O�, O�, H, OH, HO�, H�O�, H�,
H�O, CO). Photolysis rates are calculated from the model of
Madronich and Flocke [7] adapted to the Martian conditions.
Calculations are performed off-line at high spectral resolution
(0.1 nm), in spherical geometry, and take into account the ver-
tical distribution of CO�, H�O, O�, and O� to determine the
atmospheric opacity in the UV region. The most recent absorp-
tion cross-section datasets were used and include temperature
dependence for CO�, O�, O�, and H�O�. Once calculated

from 0 to 95° the vertical profiles of photolysis rates are stored
in a three-dimensional lookup table as a function of the solar
zenith angle and the slant columns of CO� and O�. At each
chemical time step of the coupled model, the actual photoly-
sis rate for each sunlit gridpoint is retrieved by interpolating
the value inside the lookup table. Gas-phase reaction rate co-
efficients were in general taken from Sander et al. [8]. Rate
coefficients of three-body reactions are increased by a factor of
2.5 to account for the higher efficiency of CO� as a third body
in comparison with N� and O�. Temperature and pressure val-
ues used to compute the reaction rates are provided for each
grid point by the GCM. In order to reduce the computational
cost of the integration, a family approach was adopted (O� = O
+ O�; HO� = H + OH + HO�), and photochemical equilibrium
is assumed for O�, O(�D), OH, and HO�. The chemical evo-
lution of long-lived species (O�, H�, H�O, H�O� and CO) and
chemical families is solved by the iterative method described
by Shimazaki [9].

Hydrogen peroxyde cycle

Hydrogen peroxyde, H�O�, is an important product of the
odd-hydrogen chemistry in the Martian atmosphere. Being a
very strong oxidizing species, it has been suggested that H�O�

might be responsible for the absence of organic compounds on
the surface [10]. In addition to the large intensities of several
of its fundamental bands in the infrared, H�O� is predicted by
the models to be the most abundant HO� species near the sur-
face, and should therefore be certainly less difficult to measure
remotely than OH or HO�. However, observations have so far
failed to detect H�O� in the Martian atmosphere. Recently
Encrenaz et al. [11] could derive from their observations an
upper limit for the H�O� vertical column of 9x10�� to 1.2x10��

cm�� which appears to be considerably lower than the esti-
mates of previous 1D model simulations. We will report here
preliminary results of the first 3D simulations of hydrogen per-
oxyde on Mars, and will compare the obtained values to the
upper limit given by Encrenaz et al. [11].

Atmospheric hydrogen peroxyde is mainly formed by the
reaction involving two HO�radicals:

HO� + HO� � H�O� + O�

HO� is a indirect product of the H�O photolysis and there-
fore a strong correlation is expected between the water vapor
and hydrogen peroxyde abundances. The main H�O� loss
mechanism occurs by photolysis:

H�O� + h� � OH + OH

with a characteristic time of about 6 hours in the lower
atmosphere. H�O� has therefore a much longer lifetime than
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H, OH, and HO�, and has no loss mechanism at night. This
implies that photochemical equilibrium cannot be assumed in a
model including the diurnal cycle. This species is individually
integrated and transported in our model. Another important
process included in the model is the condensation of H�O�,
which may occur in the regions of very low temperatures. The
calculated number densities are constrained to lie at or below
the local saturation number density given from the expression
by Lindner [12].

Fig. 1 displays the seasonal evolution of the H�O� and
H�O column density zonal means. As expected hydrogen per-
oxyde is clearly correlated with the amount of water vapor
available to produce HO� radicals by photolysis. A strong
seasonal variability of H�O� is calculated by the model: the
column abundance varies by a factor larger than 10 at high
latitudes and a factor of about 3 at low latitudes, in phase with
the water vapor changes caused by condensation, sublimation,
and transport processes. Interestingly the maximum amount of
H�O� (1.8x10�� mol cm�� in late fall at 20N) does not corre-
spond to the absolute maximum of water vapor, reached at the
end of northern spring at high latitudes (about 100 precipitable
microns), in good agreement with the observations. Examina-
tion of the evolution of the vertical distribution of H�O at the
Equator (Fig. 3) reveals that the hydrogen peroxyde maximum
calculated near aphelion is a consequence of the variation of
the saturation altitude of water vapor, leading to the produc-
tion of large amounts of HO� radicals over a domain of altitude
almost twice as high as during the rest of the year.

Fig. 2 shows the calculated H�O� vertical column at the
same solar longitude (L� = 112) when Encrenaz et al. [11]
derived their upper limit of 9x10�� to 1.2x10�� cm�� in the
northern hemisphere. The model distribution shows a strong
hemispheric contrast, linked to the abundance of water vapor
which is maximum in the northern hemisphere at this time of
the year. The topography also plays a significant role in the
longitudinal and latitudinal variations of H�O�, as shown by
the absolute maximum reached in the Utopia Planitia basin,
whereas lower amounts are calculated at the same latitude
over regions of higher elevation. Overall the quantities given
by the model are larger than the upper limit by a factor 5 to
15. Several possible reasons for this overestimation are cur-
rently under investigation: the large uncertainties existing on
crucial processes such as the H�O photolysis in the Martian
conditions, the choice of the rate constants of some key re-
actions involving OH or HO�, as well as the possible loss of
HO� radicals to the surface of Mars. The results of sensitivity
studies on these different parameters will be presented during
the conference.

Ozone cycle

Atomic oxygen is produced in Mars atmosphere through the
photodissociation of CO�. It recombines to form molecular
oxygen, and then ozone. Ozone is lost through photolysis, and
through the reaction with HO� radicals (OH, HO�). Therefore,
it is expected to be in strong anticorrelation with water vapor.
As seen previously, it seems that our model overpredicts the

Figure 1: Seasonal cycles of water, hydrogen peroxyde and
ozone: zonal and diurnal mean column densities as a function
of latitude and days counted from northern spring equinox.

abundance of these radicals. It is therefore not surprising that
when we compare the distribution of ozone obtained in the
model with available observations of ozone column densities
([13], [14], [15]), it seems that our model underpredicts ozone
concentrations by a factor 2 to 5. Nevertheless, this three
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Figure 2: instantaneous H�O� column (10�� molecule cm��)
distribution calculated at L� = 112. The observer is facing the
meridian at 120W longitude (local time = 8PM).

dimensional model allows a close study of the seasonal and
diurnal variations of ozone and other related chemical species,
in relation with the water cycle. We will develop here some
first examples of the possibilities of this tool.

The seasonal evolution of the ozone column density is
shown in Fig. 1, together with water vapor and hydrogen per-
oxyde. The anticorrelation is clear, but the asymmetry between
the southern and northern winters must be noted: related anti-
correlations between ozone and water vapor are strongest for
northern winter. This asymmetry is linked to the hygropause
altitude, which varies significantly as a function of season, in
correlation with the variations of the distance to the sun (aphe-
lion around southern winter solstice, and perihelion around
northern winter solstice) and with the dust load of the atmo-
sphere (which has an impact on temperature). These variations
are shown at equator in Fig. 3, for water vapor and ozone mix-
ing ratios.

The diurnal cycle of ozone also displays remarkable sea-
sonal (L�) variations. To illustrate this, Fig. 4 shows maps of
ozone column density at two opposite seasons: southern win-
ter and northern winter solstices. In southern winter, ozone
abundance is larger on the night side than on the day side, and
therefore exhibits a strong diurnal cycle, with a clear footprint
of the terminator. At the opposite season, the behavior is very
different. The ozone abundance is much lower on almost all
the planet, except around the winter pole, and no diurnal cycle
is visible. These differences are linked to the global abun-
dance of the HO� radicals, in relation with the water vapor
seasonal cycle. In the Northern winter polar vortex, conden-
sation of water vapor on the surface suppresses the source of
HO�, leading to large O� maximum in good qualitative agree-
ment with the observations. At all other latitudes, the increase

Figure 3: Seasonal variations of water vapor, hydrogen per-
oxyde and ozone at equator: zonal and diurnal mean mixing
ratios (log) as a function of altitude and days counted from
northern spring equinox.

of water vapor and the uprise of the hygropause calculated by
the model near perihelion is responsible for the increased loss
of O� species by the HO� radicals and the disappearance of

Lunar and Planetary Science XXXIV (2003) 3114.pdf



3-D MARS PHOTOCHEMISTRY: F. Lefèvre et al.

the ozone diurnal cycle.

Conclusion

We have developed the first three-dimensional photochemical-
transport model of the Martian atmosphere. A photochemical
module including 11 species and 38 photochemical reactions
has been coupled to the LMD-GCM. Despite our use of the
most recent photochemical data, the model appears to overes-
timate the abundance of hydrogen peroxyde and in the same
time, to underestimate the observed ozone column density.
These biases suggest that the amount of HO� is too large in
the model or/and the HO� chemistry is too efficient at destroy-
ing odd oxygen. We plan to investigate carefully the reasons
for this discrepancy, by analyzing the various sources of uncer-
tainties in the currently recommended reaction rate coefficients
and in our knowledge of absorption cross-sections of CO� and
H�O in the Mars conditions.

Nevertheless this new generation of model allows detailed
studies of the spatial, seasonal and diurnal behavior of the
composition of the Martian atmosphere. It will be applied to
the analysis of the data of the SPICAM instrument onboard
Mars-Express, for which stringent tests of our quantitative
understanding of the Martian photochemistry will be possible
by the comparison of the model results to the simultaneous
observations of ozone and water vapor.

In the following months, we will improve the model along
the following lines:

� the model resolution will be increased,

� the transport scheme for the water ice clouds developed
for the LMD-GCM by Franck Montmessin will be taken
into account to improve the water cycle,

� dust will be included in the UV radiative transfer cal-
culations,

� nitrogen compounds will be added,

� interactions with the surface will be investigated,

� our photochemical model will be coupled with the ver-
sion of the LMD-GCM extended to the thermosphere,
developed by Monica Angelats-i-Coll.
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Figure 4: Instantaneous maps of column ozone (micron-
atmosphere) for southern winter solstice (top) and northern
winter solstice (bottom).
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Introduction:  It is widely assumed that the surface 

of Mars has been exposed to massive flows of liquid 
water.  These flows are supposed to have taken place 
both near the end of the early intense bombardment 
period under a warm wet climate regime and in massive 
outburst floods, mainly around the periphery of large 
low latitude volcanic complexes such as Tharsis.  How-
ever, these scenarios do not adequately account for 
several lines of evidence that point toward a smaller 
role for flowing water and a larger role for wind in sur-
face modification.  With the aim of broadening the 
terms of discussion of martian surface history, these 
lines of evidence are reviewed and interpreted here. 

Thermal Inertia Distribution:  Over a wide range 
of scales, thermal inertia is negatively correlated with 
elevation. Since very high thermal inertia corresponds 
to high rock abundances or bedrock, and very low 
thermal inertia corresponds to fine dust particles, this 
relationship indicates that fine particles have been sys-
tematically transported from low areas to high areas, in 
marked contrast to the usual direction of fine particle 
transport on Earth.  This up-gradient sediment transport 
can be accounted for only by wind action. 

Atmospheric Circulation Models and Dust 
Storms:  General circulation models predict a distribu-
tion of potential erosion and deposition that is remarka-
bly consistent with the distribution of thermal inertia on 
large scales.  The predicted wind erosion pattern also 
coincides well with the observed pattern of dust storm 
occurrences.  Mesoscale models of atmospheric flows 
show a strong tendency for channeling of strong winds 
by topography, in agreement with the observed associa-
tion of thermal inertia with topography on small scales.  
General circulation models also show that the spatial 
distribution of erosion and deposition is stable with 
respect to orbital parameter variations and surface pres-
sure changes.  These models also predict that erosion 
rate would have been much higher than at present with 
as little as 2-4 times the present mean surface pressure. 

Surface Geomorphology:  Very low areas such as 
the northern plains and the floor of Hellas have unique 
surface features suggestive of very rapid resurfacing, 
and of long-term sedimentation and erosion.  These 
include paucity of small craters (diameters < several 
hundred meters), highly degraded large craters and 
“ghost” craters with diameters > 100km.  These fea-
tures are widely assumed to be due primarily to sedi-
mentation, but, in view of the evidence cited above, it is 
likely that erosion is a more important factor than sedi-
mentation for the observed degradation of craters at all 
scales in the northern plains and Hellas.   

Another important piece of evidence is the observa-
tion of widespread surface exposures of sedimentary 
layers.  These layers indicate past sub-aqueous or sub-
aerial sedimentation.  It is equally significant that many 
of these layer remnants appear to be undergoing rapid 
erosion in the present climate regime.  Only wind can 
account for this erosion.  The widespread occurrence of 
partially eroded sedimentary layers also indicates that 
burial and exhumation of surfaces is a common phe-
nomenon that obscures surface modificaton processes 
and sequences. 

Greenhouse Models:  The most recent and com-
plete greenhouse models have not been able to produce 
enough warming of the surface to account for a warm 
wet early climate regime with any plausible combina-
tion of greenhouse gases. 

Surface Minerology:  No large deposits of carbon-
ates that could correspond to the residue of an early 
dense carbon dioxide atmosphere have been identified.  
It is sometimes assumed that such deposits could be 
buried beneath the northern plains, but in view of the 
evidence cited above that these plains are primarily 
erosional rather than depositional surfaces, this is 
unlikely.  Crystalline hematite indicative of weathering 
by liquid water has been identified, but only in a few 
relatively small areas. 

Implications:  Taken together, these lines of evi-
dence suggest that the surface of Mars has been sys-
tematically and massively modified by wind erosion 
and dust redistribution over geological time.  They cast 
doubt on interpretations of surface geomorphology that 
fail to take wind modification of the surface into ac-
count.  These interpretations include deep sedimentary 
layers in the northern plains, lakebeds in crater floors 
and basins, and fluvial origins of some channel features 
that may have been streamlined as well as widened and 
deepened by wind action.   

Wind action, by itself, does not seem capable of ac-
counting for the initial formation as distinct from the 
subsequent modification of channel features, and it 
does not seem capable of accounting for the geomor-
phology of gully features that may be due to the local-
ized release of water from near-surface ice.  However, 
the observational evidence for massive wind modifica-
tion of the surface and the theoretical and observational 
evidence against an early warm climate regime implies 
that Mars may have been cold and dry with only mod-
est amounts of water ice (a few tens of meters) avail-
able at the surface since early in the Noachian period. 
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A high priority objective of the Mars Explora-
tion Program [1] is to “Determine if life exists 
today” (MEPAG Goal I, Objective A). The 
measurement of gases of biogenic origin may 
be an approach to detect the presence of mi-
crobial life on the surface or subsurface of 
Mars. Chemical thermodynamic calculations 
indicate that on both Earth and Mars, certain 
gases should exist in extremely low concentra-
tions, if at all [2]. Microbial metabolic activity 
is an important non-equilibrium chemistry 
process on Earth, and if microbial life exists 
on Mars, may be an important non-
equilibrium chemistry process on Mars. The 
non-equilibrium chemistry of the atmosphere 
of Mars is discussed in this paper. 
 
Chemical thermodynamic equilibrium calcula-
tions indicate that certain trace gases in the 
Earth’s atmosphere, such as methane (CH4), 
ammonia (NH3), nitrous oxide (N2O), and 
carbon disulfide (CS2) should be at atmos-
pheric concentrations many orders of magni-
tude below their actual atmospheric concentra-
tions (Table 1). The role of microbial meta-
bolic activity for establishing this chemical 
non-equilibrium is well known [3,4,5]. 
 
Chemical thermodynamic equilibrium calcula-
tions for certain trace gases in the atmosphere 
of Mars have been performed. As input pa-
rameters for these calculations, the following 
atmospheric composition was used: carbon 
dioxide (CO2): 95.32%, nitrogen (N2): 2.7%, 
argon (Ar): 1.6%, oxygen (O2): 0.13%, carbon 
monoxide (CO): 0.07% [6]. The mean atmos-
pheric surface pressure was assumed to be 6.4 
mb and a surface temperature range from 

148K (polar winter) to 290K (southern sum-
mer) was assumed [6]. The calculated equilib-
rium concentration of methane, ammonia, and 
nitrous oxide in the atmosphere of Mars is 
summarized in Table 2. 
 

Table 1. Some Trace Gases in the Earth’s Atmos-
phere 

Gas Thermo- Measured Atmospheric 
 Dynamic Concen- Enhance- 
 Equilibrium  tration ment 
  (Mole Fraction) 
 
Methane  
(CH4) 10-145 1.7 x 10-6 10139 
 
Ammonia  
(NH3) 2 x 10-60 10-10 1050 
 
Nitrous oxide  
(N2O) 2 x 10-19 3 x 10-7 1012 
 
Carbon disulfide  
(CS2) 0 10-11                               
 
 
Table 2. Calculated Trace Gases in the Atmosphere 

of Mars Based on Thermodynamic Equilibrium 
Calculations (Unit: Mixing Ratio) 

 
Gas T = 100K T = 200K T = 300K 
 
Methane (CH4) <10-100 <10-100   <10-100 
 
Ammonia (NH3) <10-100 2 x 10-89  4 x 10-62 
 
Nitrous oxide (N2O) 6 x 10-54  4 x 10-30 5 x 10-23 

 

Sulfur on the surface of Mars may prove to be 
an interesting raw material for microbial appe-
tites. Viking lander measurements found that 
the surface sulfur concentrations at both land-
ing sites ranged from 10 to 100 times higher 
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than in the terrestrial crust. The source of sul-
fur on Mars is believed to be volcanic emis-
sions in the form of sulfur dioxide (SO2). Mi-
crobial communities on Mars, if they exist, 
could utilize the widespread and readily avail-
able surface sulfur and produce atmospheric 
reduced sulfur species. Chemical thermody-
namic equilibrium calculations indicate that 
reduced sulfur species should not exist in the 
atmosphere of Mars in detectable levels in the 
absence of microbial metabolic activity. 
Chemical thermodynamic equilibrium calcula-
tions of reduced sulfur species in the atmos-
phere of Mars are summarized in Table 3. 
These calculations assume an atmospheric sul-
fur dioxide partial pressure of 10-9 atm. 
 

Table 3. Trace Sulfur Gases in the Atmosphere of 
Mars Based on Thermodynamic Equilibrium Calcu-
lations (In terms of partial pressure of sulfur species 
to partial pressure of sulfur dioxide, assumed to be 

10-9 atm, for T = 200K) 
 
Gas                     Partial Pressure of Gas/ 

 Partial Pressure of SO2 

 
Carbonyl sulfide (COS) 10-83 
 
Hydrogen sulfide (H2S) 10-84 
 
Carbon disulfide (CS2) 10-180 
 
Methane thiol (CH3SH) 10-197 
 
Dimethyl sulfide (CH3SCH3) 10-307 
 
Dimethyl disulfide (CH3S2CH3) 10-364 
 
Based on thermodynamic equilibrium calcula-
tions, the carbon, nitrogen, and sulfur species 
in Tables 2 and 3 should be present in very 
small concentrations and they are expected to 
be destroyed efficiently and rapidly by photo-
chemical and chemical processes. These spe-
cies are destroyed by photolysis by both solar 
ultraviolet radiation and by chemical reaction 
with the hydroxyl radical (OH), which is 
formed by the photolysis of water vapor 
((H2O) (except for nitrous oxide (N2O), which 
is destroyed via reaction with excited atomic 

oxygen (O(1D)), rather than by OH). The pho-
tochemical processes that lead to the destruc-
tion of these gases are summarized in Table 3. 
 
Table 4. Photochemical and Chemical Processes that 

Destroy the Gases in Tables 2 and 3 
[7, 8,9]. 

 
CH4 + hv  CH3 + H (h=Planck’s constant,  
     v = frequency; photolysis threshold wave-   
     length < 272 nm) 
 
CH4 + OH  CH3 + H2O 
 
NH3 + hv  NH2 + H (< 264 nm) 
 
NH3 + OH  NH2 + H2O 
 
N2O + hv  N2 + O  (< 715 nm) 
 
N2O + O(1D)  N2 + O2, or 2 NO 
 
COS + hv  CO + S (< 387 nm) 
 
COS + OH  products 
 
H2S + hv  HS + H (< 313 nm) 
 
H2S + OH  HS + H2O 
 
CS2 + hv  CS + S (< 281 nm) 
 
CH3SCH3 + hv  products 
 
CH3SCH3 + OH  H2O + CH2SCH3 
 
CH3S2CH3 + hv  products 
 
CH3S2CH3 + OH  products 
 
The lifetime of these gases with respect to 
chemical destruction by the hydroxyl radical 
(OH) may be calculated using temperature-
dependent reaction rates given in [8]. For 
these calculations, an atmospheric temperature 
of 200K and a surface OH number density of 
1 x 105 cm-3  [10] were assumed. The calcu-
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lated lifetime against destruction by reaction 
with the hydroxyl radical for some of these 
species is very short, i.e., dimethyl disulfide: 
14 days, dimethyl sulfide: 35 days, hydrogen 
sulfide: 3 months. Given a vertical eddy mix-
ing timescale on the order of 3 months near 
the surface of Mars and a horizontal transport 
timescale on the order of several days [9], 
these gases will not diffuse far from their loca-
tion of origin before they are destroyed via 
reaction with the hydroxyl radical. It is impor-
tant to remember that these very short atmos-
pheric lifetimes are only based on reaction 
with the hydroxyl radical and do not include 
the effect of photolysis by solar ultraviolet ra-
diation on the lifetimes of these species. 
 
Assuming the presence of gases of biogenic 
origin in the atmosphere of Mars, the very 
short atmospheric lifetime of these gases and 
their possible non-uniform source, most likely 
associated with surface and/or subsurface sites 
of liquid water, suggest their detection is a 
very difficult and challenging measurement 
problem. A mass spectrometer on a powered 
and controlled airplane flying 1 to 2 kilome-
ters above the surface of Mars and capable of 
traversing regional scale distances over poten-
tial water sites, is an ideal platform to search 
for the presence of non-equilibrium gases re-
sulting from microbial metabolic activity in 
the atmosphere of Mars. 
 

References 
[1] Greeley, R. (Editor), 2001: Mars Exploration 
Program Scientific Goals, Objectives, Investiga-
tions, and Priorities, 31 pages. 
[2] Levine, J. S., C. P. Rinsland, W. L. Chameides, 
P. J. Boston, and P. Brimblecombe, 1989: Trace 
Gases in the Atmosphere of Mars: An Indicator of 
Microbial Life. The Case for Mars III: Strategies 
for Exploration-Technical (C. Stoker, Editor), 
American Astronomical Society, San Diego, CA, 
277-282. 
[3] Lovelock, J. E. and L. Margulis, 1974: Ho-
meostatic Tendencies of the Earth’s Atmosphere. 
Origins of Life, 5, 93-103. 
[4] Margulis, L. and J. E. Lovelock, 1974: Bio-
logical Modulation of the Earth’s Atmosphere. 
Icarus, 21, 471-489. 
[5] Margulis, L. and J. E. Lovelock, 1978: The 
Biota as Ancient and Modern Modulator of the 
Earth’s Atmosphere. Pure and Applied Geophys-
ics, 116, 239-243. 
[6] Barth, C. A., 1985: The Photochemistry of 
the Atmosphere of Mars. The Photochemistry of 
Atmospheres: Earth, The Other Planets, and Com-
ets. Academic Press, Inc., San Diego,, 337-392. 
[7] Levine, J. S. (Editor), 1985: The Photochemis-
try of Atmospheres: Earth, The Other Planets, and 
Comets. Academic Press, Inc., San Diego, CA, 
518 pages. 
[8] DeMore, W. B., S. P. Sander, D. M. Golden, 
R. F. Hampson, M. J. Kurylo, C. J. Howard, A. R. 
Ravishankara, C. E. Kolb, and M. J. Molina, 1992: 
Chemical Kinetics and Photochemical Data for 
Use in Stratospheric Modeling. JPL Publication 
92-20, 239 pages. 
[9] Summers, M. E., B. J. Lieb, E. Chapman, and 
Y. L. Yung, 2002. Atmospheric Biomarkers of 
Subsurface Life on Mars. Geophysical Research 
Letters, 29. 
[10] Yung, Y. L. and W. B. DeMore, 1999: Photo-
chemistry of Planetary Atmospheres. Oxford Uni-
versity Press, New York, 456 pages. 
 
 
 
 
 

Sixth International Conference on Mars (2003) 3055.pdf



4-D MODEL OF CO2 DEPOSITION AT NORTH AND SOUTH OF MARS FROM HEND/ODYSSEY AND 
MOLA/MGS.  M.L. Litvak1, I.G. Mitrofanov1, A.S. Kozyrev1, A.B. Sanin1, V. Tretyakov1, D.E. Smith2,  M.T. 
Zuber2,3, W.V. Boynton4, D.K. Hamara4, C. Shinohara4, R. S. Saunders5, D. Drake6, 1Space Research Institute, 
RAS, Moscow, 117997, Russia, max@cgrsmx.iki.rssi.ru, 2Laboratory for Terrestrial Physics NASA/Goddard Space 
Flight Center, MD, 20771,USA, 3Massachusetts Institute of Technology, Cambridge, MA, 02139-4307,USA, 
4University of Arizona, Tucson, AZ 85721, USA, 5Jet Propulsion Laboratory, Pasadena, CA 91109, USA, 6Lansce 
3, Los Alamos Nat'l Lab. Los Alamos, NM and TechSource Inc, Santa Fe, NM 87594, USA.     

 
 

Introduction:  The first 1.5 year of neutron mapping 
measurements onboard Mars Odyssey spacecraft are 
presented based on High Energy Neutron Detector 
(HEND) observations. HEND instrument is a part of 
GRS suite responsible for registration of epithermal 
and fast neutrons originating in Mars subsurface layer 
[4,6]. The scattering of fast neutrons in Mars surface 
caused by primary cosmic rays is strongly sensitive to 
presence of hydrogen atoms. Even several percents of 
subsurface water significantly depress epithermal and 
fast neutron flux [1,2]. It turns orbit neutron spectros-
copy into one of  most efficient methods for finding 
distribution of subsurface water.  

The Mars Odyssey observations revealed huge wa-
ter-ice regions above 60N and 60S latitudes[3-6]. It 
was founded that distribution of subsurface water has 
layered structure at these regions. It is thought that 
more than 50% wt water ice covered by relatively dry 
layer with different thickness[6,9].    

 The mentioned South and North areas are highly 
affected by seasonal CO2 global circulation process. 
Thus the CO2 snow depth varied from tens of cm up to 
~1m at the latitudes above 60 degrees [7]. Taking into 
account that maximal sensitivity of neutrons measure-
ments happened at depths less then 2-3 m one may 
expect significant variations of neutron signal trough 
martian seasons. It occurs because CO2 frost hides 
upper surface layer from the orbit observations. The 
first search of seasonal effects in neutron data reveals 
that possible variation of neutron flux between summer 
and winter time may vary from several percents at 550-
600 latitiudes up to several times for near polar re-
gions[8,9]. In this study we used more large dataset 
gathered for the first 1.5 year successful operation of 
Mars Odyssey mission. It covered time period from 
late winter up to early fall in Northern hemisphere. It 
gives the possibility to follow the history of sublima-
tion process of CO2 frost on the North and its accumu-
lation on the South. 
Instrument:  HEND consists of four detectors to pro-
vide measurements of neutron signal from red planet 
in broad energy range. Three proportional counters 
coated by different thickness of moderator have maxi-
mal efficiency in 1eV- 1keV, 10eV-100keV and 10ev - 
1meV energy ranges correspondingly. The organic 

scintillator created with using stilben crystal guarantee 
registrations of very energetic neutrons from 1MeV up 
to 10 MeV. The spectral shape of signal from this de-
tector is measured with 16-channels resolution which 
allow to select high energy neutrons with energy more 
then several MeV for farther analysis. There is direct 
correspondence between energy of registered neutron 
and depth where it was produced. The production rate 
of fast neutrons has maximum at depths less than tens 
of centimeters while the epithermal neutrons originate 
in layer placed 1-3 m below the surface. Combining 
measurements in proportional counters with counts 
accumulated in different parts of fast neutron spectra 
measured in stilben detector one may reconstruct the 
water abundance distribution at different depths start-
ing from thin subsurface layer and going down to sev-
eral meters depths.  
Data analysis: Using this approach we tried to create 
simple model to describe layered structure of regilith. 
At first step the summer measurements of Mars surface 
on South and North regions were extracted from full 
set of data. It helps to split the task of finding subsur-
face water distribution from task of measuring thick-
ness of CO2 frost. In this study we restrict ourselves 
only by studying regions near Mars poles above 60 
degrees for each hemisphere. It was done because the 
main goal of this research to look at evolution of CO2 
deposits at different near pole areas with time. Deposi-
tion of CO2 below these latitudes is ether absent or so 
thin that counting statistic cannot provide reliable re-
sults. More detail analysis of equatorial regions where 
presence of water was founded surprisingly high will 
be considered in other presentations[10].  

The surfaces of North and South regions were di-
vided into the network of pixels with 5x5 degree. Each 
pixel was treated independently in terms of estimation 
the best parameters of regilith model in given pixel. 
This choice provides the appropriate space resolution 
from one side and the reliable statistic (>10 sigmas for 
each pixel) from another one. 

For describing Mars soil we suggest to use two-
layers model. It consists of upper relative dry(<3% wt 
H2O) layer with variable thickness and bottom semi-
infinite ice-rich (>20% wt H2O) layer. Applying the 
fitting procedure to the real neutron data in wide en-
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ergy range the best fit parameters have been estimated 
for this type of model for each selected pixel.  

 
Fig 1a. Map of CO2 deposit at North region of Mars 
for  Ls=345o. 

 
Fig 1b. Map of CO2 deposit at North region of Mars 
for Ls=40o. 

 
 
Fig 1c. Map of CO2 deposit at North region of Mars 
for Ls=95o. 

 
 
 

 
Fig 2a. Map of CO2 deposit at South region of Mars 
for  Ls=125o.  

 
Fig 2b. Map of CO2 deposit at South region of Mars 
for Ls=70o.  

 
Fig 2b. Map of CO2 deposit at South region of Mars 
for  Ls=15o.  

Sixth International Conference on Mars (2003) 3040.pdf



To take into account scattering and production of epi-
thermal and fast neutrons in the atmosphere the neces-
sary corrections has also been done in this approach. 
Here we fixed the thickness of atmosphere for each 
pixel based on CGM prediction at summer period of 
time. All calculations have been done by help using 
radiation transport code MCNPX. The soil composi-
tion was taken from Mars Pathfinder observation with 
corrections for surface stones distribution and results 
obtained with GRS. 

The best fit model parameters such as thickness of 
upper layer, H2O content in upper and bottom layers 
were implemented for the next step to perform estima-
tion of CO2 frost thickness. Before starting this proce-
dure the whole period of observations was divided into 
episodes with different Ls to follow the evolution of 
CO2 coverage in time. Taking into account that global 
redistribution of CO2 mass causes significant changes 
of Mars atmosphere CGM predictions have been 
added to program to correct the atmosphere thickness 
for particular period of time. The final results are pre-
sented as time sequence of maps for  North and South 
regions. Some of them are shown on fig 1(a-c) and 
fig2(a-c).  

For the previous martian year there were direct 
measurements of CO2 snow depth made at different 
latitudes by MOLA(MGS). It is good possibility to 
perform additional calibration of  suggested regolith 
model. We have done comparison between HEND 
data and MOLA observations for the north latitude 
belts  during the same martian seasons. It was found 
that there is good correlation between two sets of 
data[8]. Using obtained results we have checked two-
layer model of regolith at north near polar latitudes. It 
turned out that subsurface of Mars may be described 
by aproximately 75% wt water ice covered by 10-20 
g/cm2 of dry  soil at this region. This result is in good 
agreement with estimations based on HEND data only.   

Conclusions:  The time sequence of maps of CO2 
snow depth were created at north and south regions 
poleward 60N and 60S latidues. In fact it presents 4-D 
model which describes the space distribution of CO2 
frost and its evolution in time between summer and 
winter seasons. It was found that CO2 caps on south 
and north significantly differ from each other. The 
thickness of CO2 coverage on the north has achieved 
maximal values up to 1.5 m which is more than at 
South pole. It is also observed that the structure of 
carbonate dioxide deposit on north is more smooth and 
regular than in South region.  
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Introduction: We present here some of the scien-
tific objectives which can be achieved by a single 
seismic station on Mars, equipped with a 3 axis VBB 
seismometer and a 3 axis Short Period Seismometer 
[1]. We assume that this station is also equipped with 
meteorological sensors, including infra-sound and 
pressure, in order to perform a complete meteorologi-
cal noise correction. The science objectives are listed 
in order of increasing difficulty. 

 
Seismic source localization: A VBB seismometer 

will allow the detection of seismic waves in the tele-
seismic frequency range (0.05-1Hz), for which diffrac-
tion effects might be reduced, especially at the lowest 
frequencies.  The determination of the polarization of 
these waves will therefore be possible, providing the 
azimuth of the event. Together with the difference of 
arrival times between P and S waves, it will be there-
fore possible to determine an approximate epicentral 
distance and to propose two possible locations. With 
additional hypothesis on the focal mechanism and on 
the Martian tectonics, it will be possible to favor one 
of the two locations. Such information will be crucial 
for the future landing sites of a Long Lived Network. 
 

Receiver function: The crustal thickness is an im-
portant parameter for all Martian geophysical models. 
The joint use of the altimeter and radio-science ex-
periment on MGS allowed the determination of the 
lateral variations of the Martian crust, but no absolute 
determination of its volume was possible due to the 
non-uniqueness of gravity inversions. Indeed, only a 
seismic determination of the crustal thickness can pro-
vide the necessary anchor for such inversions, as dem-
onstrated by recent Lunar models [4]. 

The receiver method technique is based on a spec-
tral ratio between the vertical and horizontal compo-
nents. As such, this ratio allows the cancellation of the 
effect of the seismic source radiation. Moreover, the 
probable regolith structure on Mars will provide a low 
velocity zone near the surface, which will straighten 
seismic rays and reduce therefore the azimuth depend-
ence of the short period data. This method was suc-
cessfully applied to the Lunar Apollo data [2]. 

Local 3D subsurface and crustal structure: By 
using the ‘09 MSL rover, the deployment of explosive 
active seismic sources might be considered. Alterna-
tively, impactors mounted on the MSL carrier and re-

leased a few days before landing can be used. The ac-
tivation of these sources can provide a set of seismic 
profiles, recorded by the Short Period seismometers, 
which can be used to study the subsurface structure, 
especially the existence liquid water [3].  

Water will affect both the seismic velocities and 
especially the attenuation of short period seismic 
waves. Meteorite impacts occurring at a larger distance 
can also be used, if detected, at longer periods. The 
isotropic character of the seismic source, polarization 
of the body waves and travel times of P and S waves 
can indeed be used to provide a determination of the 
position of the impact, while Lg and Rg surface waves 
can be used to constrain the crustal structure. 

 
Gravity Love number determination: To meas-

ure gravity variations, the very long period gravity 
output of the seismometer might be used. Due to con-
tamination with the solar thermal effect at the main 
diurnal and semi-diurnal periods, the Sun tide will not 
be detected. However, the Phobos-induced tides, of the 
order of 0.5 µgal, are subdiurnal with typical periods 
shorter than 6 hours, unrelated to the solar periods.  
Given the much lower noise level at these periods, 
they can be accurately measured by the experiment 
with a stack of about 1 year of data.  The measurement 
accuracies are most likely sufficient to be able to dis-
tinguish between different hypotheses concerning the 
core of Mars, and thus to better constrain the core [5].  
For example, the difference between a solid and a liq-
uid core in the main Phobos-induced tide is about 5 
times larger than the measurement accuracy, taken 
here to be 1 nGal, and a change in the gravity signal 
equal to the accuracy corresponds to a change in core 
radius of about 60 km 

 
Free oscillations: The determination of the free 

oscillations of Mars allow, without the knowledge of 
the source position, the determination of the interior 
structure of the planet [6]. Quakes large enough to 
excite normal modes are expected at a rate of a few 
every Martian year and can therefore be detected if a 
long lived power system is used. These data will pro-
vide a precise model of the Martian mantle, especially 
in term of shear waves.  
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Number 5: In addition to its pathfinder role, the 
seismic measurement onboard MSL might be a poten-
tial number 5 station for a 4-station network, either 
Netlander, if a launch scenario is found for 2009, or 
for a future 2011 mission. It can be shown that this 5th 
station will strongly improve the detection efficiency 
of the network. A 4-station network is able to detect 
the direct P and S waves generated by quakes, distrib-
uted globally on Mars, with an efficiency of ~60%. A 
5-station network can achieve an efficiency up to 90%. 
50% more events will therefore be useful for the de-
termination of the seismic velocities of the mantle. 
This improvement is even stronger for the detection of 
the PKP core-sensitive seismic phases, and allow a 
doubling of the number of events used in the final in-
version of the internal structure. In conclusion, a MSL 
‘09 geophysical station may almost double the science 
return of a 4-station network for seismology in terms 
of quake detection, while decreasing by two the risk of 
failures in the achievement of a network with 3 or 
more operational stations. 
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LAYERED OUTCROPS ON MARS.  Michael C. Malin, Malin Space Science Sys-
tems, P.O. Box 910148, San Diego CA 92191-0148 (malin@msss.com). 
 
 
Layered and massive outcrops on Mars, some as thick as 4 km, display the geomorphic 
attributes and stratigraphic relations of sedimentary rock.  Sequences in some locations 
imply a dynamic depositional environment during early martian history.  Subaerial (such 
as aeolian, impact, and volcani-clastic) and subaqueous processes may have contributed 
to the formation of the layers.  Affinity for impact craters suggests cominance of lacus-
trine deposition,  alternatively, the materials were deposited in a dry, subaerial setting in 
which atmospheric variations mimicked a subaqueous depositional environment.  The 
source regions and transport paths for the materials are not preserved. 
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Introduction: Periodic concentric features named 
“honeycomb terrains” are observed in the North-
Western part of Hellas (Fig. 1). These terrains cover 
the lowest part of the Hellas basin at elevations of –7 
to –5 km, thus also the lowest points on Mars. Each 
“honeycomb cell” is about 5 to 10 km large. At MOC 
scale these features shows lot of deformed materials. 
Some authors speculate about possible ice blocks and 
soft muddy deformation to explain the formation of 
these concentric features [1]. In this study we show 
that the structural analysis of MOC images favors a 
ductile formation by doming inside a soft medium. 
Structural patterns typical of ductile shear zones are 
also observed. We discuss if this doming better corre-
spond to salt diapirs or lower crustal tectonism. We 
propose that these features could correspond to ductile 
deformations similar to those observed on outcrops of 
the lower crust of the Archean period on Earth. 
 

Fig. 1: Honeycomb terrains in Hellas at Viking resolu-
tion. Each circular feature is about 5 to 10 km large. 
 
 
Observations of structural domes: Figure 2 is lo-
cated in the middle of the honeycomb terrains. The 
two concentric patterns correspond to two of the circu-
lar cells observed at larger scale. Their geometry can 
not be explained by the erosion of horizontal layers. 
Deformation in the zone T is on a flat surface. Patterns 
must be explained by structural deformation. The con-
centric feature in the lower part of the image shows 
foliation typical of flattening in the central part. This 
especially visible on E that may result from a sub-

horizontal cross-section through the vertical axis of a 
dome. These concentric patterns correspond to a round 
shaped deformation of layers like those due to the in-
trusion of plutonic domes on Earth cut by erosion. So, 
in the following, by referring to “dome” we consider 
the structural pattern and not the topographic feature. 
Triangle zones are specific areas at the intersection of 
three or more circular patterns due to the interference 
of several domes (Fig. 3). The triangle zone T on fig-
ure 3 is composed by strongly deformed layers that 
could correspond to the material deformed between 
diapirs. Other MOC images of other triple zones bor-
dering concentric patterns shows that the layers inside 
these triple zones are strongly folded with an apparent 
sub-vertical axis. The occurrence of vertical folds and 
highly deformed materials in triple junctions are typi-
cal of deformation involving the sinking of material in 
response to doming [2,3]. Figure 2 may thus corre-
spond to sub-horizontal cross-sections inside domes 
and belts similar to the region Y of figure 3 where the 
triangle zone are submitted to downward deformation 
in response to strong doming.  
Observations of shear zones: Figure 4 shows a kind 
of soft deformation different from doming. This image 
is located close to the images of domes at same eleva-
tions. The highly folded material is not tighten be-
tween two domes like on figure 2 despite that the folds 
also show sub-vertical axes. The material inside the 
apparent shear zone is highly and heterogeneously 
deformed like rocky materials at high temperatures 
near melting point. Indeed, many layers show dishar-
monic deformation at various wavelengths with fre-
quent variations of the thickness of layers. Areas with 
small blocks are located inside channels (C on figure 
4) in which the material seems to have partially 
melted, or, at least, which had a viscosity strongly 
lower than the blocks during deformation. The sig-
moïdal geometry suggested by the MOC image is usu-
ally observed in terrestrial shear zones whatever the 
scale from the size of minerals to mountain ranges [3]. 
Such interpretation is consistent with the occurrence of 
vertical folds. Transcurrent shear zones are typical of 
horizontal deformations like those due to plate tecton-
ics on Earth; such observation is thus very unexpected 
on Mars. On the other hand, the center axis E of the 
diapir on figure 3b is shifted from the central position 
of the dome. This geometry involves non-coaxial dom-
ing, i.e. a transcurrent component in the doming. Non-
coaxial doming could show the coexistence of sub-
vertical transcurrent shear zones with diapirism at 
same period.  
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DUCTILE DEFORMATION ON HELLAS FLOOR: N. Mangold and P. Allemand 

 

 
Fig. 2: MOC image in West Hellas (2 km large). T 
represents zone of strong ductile deformation with 
vertical folds. E represents the center of a circular pat-
tern interpreted as structural domes cut by erosion. 
 

 

 
Fig. 3: Structural patterns of domes intruding soft lay-
ers [figure in 3]. Figure 2 is very similar to zone Y of 
this structural scheme. 
 
Interpretations: Deformation typical of vertical tec-
tonism with diapirs is observed on 8 MOC images 
separated by several hundreds of kilometers in NE 
Hellas whereas 4 MOC images show possible shear 
zones. Several other images shows the occurrence of 
soft deformation but they are difficult to interpret be-
cause the size of the images is not sufficient or because 
the deformed terrain is only partially visible under 
blankets of younger material. 
Diapirism and related tectonic features are due to re-
versed density gradient, i.e. dense rocks over a lighter 
medium, combined with the viscous behavior of the 
lower layer. The regular spacing produced by diapirs is 
usually related to the thickness and the viscosity of the 
material involved. Diapirs of 5-10 km large usually 
imply thicknesses of 2-3 km of layers involved in the 
deformation [e.g. 4]. On Earth, diapirism at this scale 
is usually observed in two contexts: salt layers buried 
under denser sediments and plutons of the lower crust 
[e.g. 3]. Such kind of deformation rules out processes 
of formation by mass wasting or glacier deformation 
which both produce horizontal displacements at the 
surface and not structural domes. 
Large accumulation of sediments, including salts, were 
possible during periods of thicker atmosphere in the 
Noachian epoch [5]. Layers of 2 or 3 km of salt may 
be possible assuming long period of lacustrine activity 
in Hellas. However, structural observations are better 
explained by crustal rocks than salt diapirs. First, the 
soft deformation of salt deposits occurs at temperatures 
of only 100°C or less, so the layers of the overburden 
over diapirs should display brittle deformation as it is 
the case on Earth [4]. On the contrary, these layers are 
softly folded without any faults typical of brittle de-
formation (Fig. 2). The soft deformation of both up-
welling and downwelling material is usual in doming 
inside the lower crust. The presence of possible partial 
melting in shear zones is also more typical of lower 
crust rocks near anatexis (Fig. 4). The alternation of 
bright/dark material (Fig. 2, Fig. 4), looks like migma-
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tite gneiss, i.e. mixing of acid and basic material typi-
cally observed in the lower crust at anatexis [6]. The 
apparent high albedo and smooth texture of most of 
the surface in all images may not correspond directly 
to rocks because of an apparent mantling of cemented 
dust or duricrust like in many places on Mars. Never-
theless, the dark spot at the top of figure 2 may be due 
to a fresh outcrop of material. It could show that the 
material under the dust mantling, here inside the belt 
between domes, could be dark like mafic lava flows. 
Discussion and conclusion: Vertical tectonism on the 
Earth is observed especially on the Archean crust in 
Dharwar, India and Pilbara, Australia, where it is 
named dome-and-basin or dome-and-keel. These re-
gions show granite or gneiss domes surrounded by 
greenstone or greenschist belts corresponding to meta-
morphic rocks of volcanic origin [7]. Their geometry is 
very similar to what is observed on the MOC images. 
Fold axes in triple junctions of the greenstone belts are 
always sub-vertical like in figure 3.  
Archean vertical tectonism is supposed to result from 
the large accumulation of ultramafic lavas, known as 
komatiites [e.g. 3]. These lavas are triggered by a man-
tle plume that produced a strong heating of the lower 
crust. The piling of lavas induces an increase of the 
crustal temperature by thermal blanketing. The result 
of these conjugated heatings is a widespread anatexis 
of the sialic crustal material which reduces considera-
bly the strength of the substrate [8]. Numerical models 
show that the piling of 5 to 10 km of dense lavas can 
produce their sinking, also named sagduction, inside 
the molten lighter sialic crust where plutons grow [7]. 
Hellas floor could thus represents the remnant of such 
early tectonics likely resulting of a kind of tectonism 
consequent to the impact of Hellas. The exhumation of 
this material would permit to have this window inside 
the lower crustal rocks of Mars. On the other hand, we 
can not exclude that the presence of permanent lake 
inside Hellas at that time would have lead to unex-
pected style of layers with a muddy soft rheology of 
unconsolidated sediments. More data are needed to 
conclude definitively because the salt hypothesis re-
mains attractive in the understanding of the evolution 
water on Mars.  

References: [1] Moore and Wilhelms, LPSC, #1446, 
2001. [2] Brun and Pons, J. Struct. Geol., 1981 [3] 
Choukroune, Déplacements et déformations dans la 
croûte terrestre, 1994 [4] Turcotte and Schubert, Geo-
dynamics, 1982 [5] Lorenz and Beyer, LPSC, #1276, 
2000 [6] e.g. Brown, Proc. Geol. Ass., 84, 371-382, 
1973 [7] e.g. Bouhallier, Chardon and Choukroune, 
Earth Planet. Sci. Letters, 135, 57-75, 1995. [8] 
Collins and VanKranendonk, J. Struct. Geol., 20 
(9/10), 1405-1424, 1998. 
 

 
 
Fig. 4: MOC image of highly deformed zone. The sig-
moidal shape and the presence of strongly mixed verti-
cal folding favors hypothesis of shear zones similar to 
terrestrial shear zones in lower crust outcrops. 
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Introduction: The observation of gullies on Mars in-
dicates the presence of liquid water in recent times [1]. 
They have been proposed to result of subsurface seep-
age of water [1], geothermal activity [2] or brines [3], 
near-surface ice melting at recent periods of high 
obliquity [4], snowmelt in more recent periods [5] or 
liquid CO2 breakout [6]. In this study, we describe 
how terrestrial studies help to understand better the 
formation of Martian gullies. We show that all charac-
teristics of Martian gullies are consistent with some 
external process triggered by seasonal melting at high 
obliquity. 
Debris flows in French Alps: Best analogs to Martian 
gullies are debris flows from Greenland [4] and Can-
ada [7] which occur over a permafrost. Debris flows in 
the Alps sometimes occur over a permafrost but this is 
not the case usually. They nevertheless consist of good 
analogs for the properties of the flow and the geome-
try. The two examples shown fit the association of 
alcove at the gully head and channel with levees. They 
have been triggered by snow melting in the springtime 
or strong showers in summer, thus external processes 
only. The debris flows of the Izoard do not show any 
springs at the head (Fig. 1). One spring has been ob-
served in the valley 400m in elevation under the gully 
head and no debris flows alcove is observed at this 
location. The debris flows of Izoard formed in 1985 
and they have overflow the road located at mid-slope. 
They are typically 10 m large with 2 m high levees.  

Fig. 1: Debris flows in Izoard location named "Casse 
déserte" in Queyras, French Alps. The length of the 
flow on image is about 500 m. Channels are about 10 
m large. The main alcove is about 100 m large. Eleva-
tion is 2400 m at the gully head. A main thrust fault 
crosses these terrains with a tilt of 20° to the east 
(right).  

Comparison to Mars: These examples in the Alps 
document some characteristics of debris flows that also 
exist on Mars: 

1. Association with layers. It has been argued that 
gullies all head at the same layer [1]. The examples of 
Nirgal Vallis and  Dao Vallis have especially been 
documented [1]. The head of debris flows is mainly 
controlled by the angle of the slope and the availability 
of debris. Navier-Coulomb law gives: τ=C+(σ-P)tan 
φ ; where τ is the critical shear stress at failure, C the 
cohesion,  σ the normal stress, P the pore fluid pres-
sure and φ the coefficient of internal friction. As the 
fluid pressure increases, the critical shear stress de-
creases and failure may occur. This process is very 
efficient if debris lay over steep slopes because the dry 
material is already near the critical shear stress before 
the incorporation of water. This property explains why 
debris flows usually start at the most elevated point of 
debris aprons. The observation that Martian debris 
flows start at the same level underneath scarps may 
therefore be explained by such criteria. The debris 
flows of Izoard region are controlled by the thick de-
bris accumulation at the foot of the summit cliff (Fig. 
1). No springs are observed at this place and layers are 
tilted to the NE at about 20° impeding any subsurface 
seepage in the direction of the hillslope where debris 
flows formed. The head of gullies takes place here due 
to the large accumulation of debris in their steepest 
position. This geometry is similar to gullies observed 
on the central peak of Hale crater where the layering is 
also tilted. On the other hand, many MOC images on 
Mars shows that gullies can head at different levels. In 
this case, this is due to the existence of more than one 
strong layer under which debris accumulate. 

2. Regional cluster: MOC observations show that 
gullies occur in regional clusters poleward of 28° of 
latitude. These clusters could be evidence for regional 
subsurface aquifers [8]. However, terrestrial debris 
flows are also not homogeneously distributed. This 
distribution depends on many parameters involving 
climate (meteorology, local winds, global change), 
topography (slope, total elevation, insulation), pedol-
ogy (presence of soil or vegetation) and geology (rock 
composition, fracturation, tectonic patterns). Debris 
flows are more frequent in the southern Alps because 
the climate is drier than in northern Alps [9]. When the 
climate is wet, erosion is dominated by runoff erosion 
in rills and rivers. When the climate is dry, quick snow 
melting or summer storms can produce floods and as-
sociated debris flows if the proportion of water does 
not reach about 40-50% of the rock-water mixture. 
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The cluster of debris flows in the massif of the Izoard 
(Fig. 1) is especially developed. The explanation is 
especially the large accumulation of rocky debris on 
the hillslope, known by the name "Casse déserte" 
which is one of the largest debris accumulation in this 
mountain massif. These debris are accumulated just 
over a main thrust fault which had strongly fractured 
the rocky limestones visible on the cliff (Fig. 1). The 
large amount of debris is thus a consequence of the 
strong fracturation of the rocks. On Mars, as debris are 
usually covered by dust, it is difficult to estimate the 
amount of debris available. Dust itself is likely also 
involved in the flow. Nevertheless, some examples 
exist where wrinkle ridges crosscut craters [10]. At 
this place, gullies are especially developed (Fig. 2). 
Rocky layers are likely strongly fractured due to both 
impact and faulting, explaining the large alcove above 
the gullies. Thus, these Martian gullies could be due to 
these local effects of debris formation due to fractura-
tion while others could be due to many other effects 
such as local topography, freshness of the cliffs, etc. 
More detailed studies of MOC images should be done 
to document these relationships. 

 
 

 
Fig. 2: MOC image of deeply incised gullies (about 
200-300 m large alcoves). The context image shows 
the coexistence of a wrinkle ridge and a crater. 
 
 

3. Temporal evolution: Gullies are young features 
on Mars but are not uniformly young [11,8]. MOC 
images show gullies blanketed by dust or even few 
ones with small fresh craters. MOC images show also 
gullies of different aspects at same place documenting 
an evolution with time at the same location. This is 
also observed on Earth because gullies are depending 
on climate variability and availability of debris. Return 
periods in Europe can vary from several years to sev-
eral hundreds of years [9]. For example, the formation 
of a new debris flow can clean the hillslope of its de-
bris. Subsequent debris flows can therefore not form 
until debris are progressively deposed again on the 
slope. On the contrary, a new debris flows can also 
create an instability in the slope which increases the 
number of subsequent debris flows until a new equilib-
rium is reached again. This aspect of debris flows re-
search is not well understood on Earth [9]. On Mars, 
we miss any timescale to estimate return periods of 
debris flows but they should depend on both debris 
availability and climate effects like on Earth [9]. On 
the other hand, no new gullies have been observed 
during last two years of MOC mapping [8] in agree-
ment with processes involving formation at higher 
obliquity several hundreds of thousand years [4].  

4. Occurrence of levees: Levees on each sides of 
the channels are typical of a particular kind of flows 
with a yield strength [12]. The yield strength corre-
sponds to the minimal shear strength the material 
needs to reach before to flow. They are typically asso-
ciated to flows containing 50 to 90% of solid particles 
(silt to pebble size) [12]. In Izoard, levees are 2 m high 
for a 10 m large channel, a size comparable to gullies 
observed on several MOC images. The existence of 
levees implies the incorporation of meltwater in the 
debris over a significant thickness of material. This is 
possible only if thawing of the ground occurs over a 
significant thickness (several tens of cm), on the con-
trary to the model of snowmelt proposed by Christen-
sen [5] under present conditions. The ratio of water to 
sediment of 10:1 proposed by Christensen (so 10% of 
rock) is also not in the range of debris flows with lev-
ees which are characterized by a proportion of more 
than 50% of rock [12]. Nevertheless, if existing during 
high obliquity periods, the presence of snowpacks 
would favor the process of debris flows because 
snowmelt can efficiently fill the porosity of debris as 
observed in cold regions in Greenland [4] or North 
Canada [7].  

5. Lack of terminal deposits for dune gullies: It 
has been argued that the absence of terminal deposits 
is against the process of gullies formation by debris 
flows [8]. Gullies without terminal deposits are espe-
cially visible on the flank of dunes in Russell craters 
(Fig. 4) [13]. Nevertheless, mountains above Allos 
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lake (Fig. 2) shows gullies without terminal deposits. 
These gullies were formed by debris flows with only 
terminal levees but no strict terminal deposits. Such 
case seems relatively common for narrow debris flows 
which depose material inside levees progressively. 
Dune gullies are similar to this case of debris flows 
and thus can be include in the understandings of Mar-
tian gullies. These dune gullies present sinuosities and 
connections with a geometry that allows the calcula-
tion of flow properties like the viscosity [13]. The 
range of magnitude found for viscosity is of 10 to 
10,000 Pa s which is consistent with value of debris 
flows on Earth [13]. This is more than 1000 times 
more viscous than pure liquid water. Thus, surface 
runoff and erosion of pure liquid water can not explain 
the properties of the flows observed. 
Conclusion: The association of gullies with layers, the 
regional clustering and the variability of ages of the 
Martian gullies are consistent with observations of 
terrestrial debris flows which have the same character-
istics. These variations are controlled by both external, 
surface and internal processes which can create a com-
plex distribution. This spatial distribution over Mars 
should be better studied taking terrestrial examples in 
account. On the other hand, snow melt is possible dur-
ing periods of high obliquity but the properties of gul-
lies, especially the existence of levees, strictly focus 
the formation of gullies by quick flows of rock-water 
mixture with high rock proportion inconsistent with 
the slow erosional process described by Christensen 
[5]. An external process due to episodic melting re-
mains the most likely process to explain recent gullies 
[4]. 
References: [1] Malin, M. C. and K. S. Edgett, Sci-
ence, 288, 2330-2335, 2000 [2] Hartmann, W. K., 
Space Sci Rev., 1-6, 2000 [3] Knauth, L. P. and D. M. 
Burt, Icarus, 267-271, 2002 [4] Costard, F. and F. For-
get, N. Mangold and JP Peulvast, Science, 295, 110-
113, 2002 [5] Christensen P. R., Nature, doi10.1038-
01436, 2003 [6]  Musselwhite, D. S., T. D. Swindle 
and J. I. Lunine, Geophys. Res. Let., 28, 7, 1283-1285, 
2001 [7] Lee, P. et al., LPSC, #1809, 2001 [8] Edgett, 
K. S. and M. C. Malin, LPSC, #1038, 2003 [9] Van-
Steijn, H., Geomorphology, 259-273, 1996. [10] Co-
stard, F. J.P. Peulvast and N. Mangold , LPSC, 2001 
[11] in Costard et al, Science, 2002, note 4 [12]e.g. 
Allen, Earth Surface Processes, 1997 [13] Mangold, 
N. F. Costard and F. Forget, J.G.R., in press. 
 
 
 
 
 
 
 

 
 
Fig. 3: Debris flows in Allos Lake, Mercantour, South 
Alps. No deposits are observed at the termination of 
gullies. Channels are about 5 meters large. Elevation is 
approximately 2500 m.  
 

 
Fig. 4: MOC image in a dunes field of Russell crater. 
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NUMERICAL SIMULATIONS OF THE EVOLUTION OF THE CO � ATMOSPHERE OF MARS: 4.53 GA TO THE
PRESENT. C. V. Manning, Department of Astronomy, U. C. Berkeley, CA 94720-3411, (cmanning@astro.berkeley.edu), C. P.
McKay, K. J. Zahnle, Space Science Division, NASA-Ames, Moffett Field, CA 94035.

In this paper we approach four key questions that are cen-
tral to our understanding of the nature of climate change on
Mars,� By what mechanism has the evolution of the CO � atmo-
sphere, dominated at early times by violent processes, been
guided to the moderate quantities present today?� How do obliquity cycles affect the migration of CO � between
the various reservoirs of CO � , and what effect does this have
on the bulk atmosphere of the planet in time?� Is the geophysicalevidencethat the last few Myr experienced
periods that are substantially wetter than the present (eg, [8, 2,
1, 3]) attributable to a substantially more massive greenhouse
atmosphere?� Is the current atmospheric pressure determined primarily by
the partial pressure of CO � in cold ( � �����

K) ice caps [12],
or is it because disequilibrium water, and hence weathering,
ceases at pressures below the triple point of water [10]?

We approach these problems by assembling a detailed nu-
merical model of the bulk atmosphere of Mars, incorporating
functional representations of every source, sink, and reser-
voir of CO � we have found in the literature, or have thought
of ourselves, within a physically realistic picture of evolving
insolation, EUV flux, and obliquity variation.

The reservoirs we track are,�
	��	����
�����
�������
���������
���! #"
the gas mass, frozen CO � , adsorbed, and fixed as carbonates,
respectively. The atmosphere mediates all changes between
reservoirs. We keep track of the following atmospheric sources
and sinks;$�% �$'& �)( $�%$'&+* �-,. �/( $�%$'&+*�0 �12. �/( $�%$'&+* ��	�3 �( $�%$'& * �!354 �6( $�%$'& * ���7� �/( $�%$'& * ��� �6( $�%$'& * ���! 98
thermal decomposition at depth of carbonates, volcanic out-
gassing of lava, atmospheric sputtering and photochemical
losses, impact erosion, gas adsorbed to the regolith,CO � frozen
at the poles, and fixed carbon.

The first three terms are independent of pressure and tem-
perature::

We initially use the Carr method [4] of calculating the rate
of burial by lava, which asserts that a fixed fraction of the
total heat transport is carried by convection ( ; .<�= 0 ,. �?>A@ �7B

).
Because of the lack of plate tectonics and the thickness of the
lithosphere, we have also introduced an (arbitrary) exponential
decline, ; .<�= 0 ,.��C>D@ ��B�EGF 	IHKJ "
where L is on order 1300 Myr. Carbonates buried below a
depth at which the temperature is 950 K are returned to the
atmosphere.

:
The lava produced by volcanism is a source of volatiles,

though to our knowledge this source has not previously been
factored into simulations. We use the average gas mass frac-
tion of carbon oxides noted by [6], ; �NM � @2OQP � > FSR

. The
volumentric rate of lava production is calculated directly from
the convective heat transport using Carr’s argument [4].:

Sputtering and photochemical losses are estimated using
[13], where the variation of the EUV flux with time is ap-
proximated with a power law representation from [17]. The
sputtering component is given an arbitrary exponential damp-
ing (

�+TUE F 	VHJ ) at early times with a time scale of L M B >W>
Myr, to allow for a geomagnetic field at early times

The next four terms are pressure and/or temperature sensi-
tive. We assume the solar flux, in units of the current flux, has
increased linearly from a value of 0.7 to 1.0 over the last 4.6
Gyr. The mean planetary temperature is based on the Pollack
[16] greenhouse model, but we use the analytical fit of McKay
et al. [15]. We discuss pressure/temperature-dependent fluxes
in order below.:

We follow Melosh & Vickery [14] for impact losses and
gains, but allow that the minimum mass that causes the erosion
of the atmosphere above the tangent plane may exceed the
mass above the tangent plane by on order a few, to account
for subsequent analyses that suggest impact erosion is less
efficient.:

The mass of CO � adsorbed to the regolith is represented in a
form consistent with [7],� ����� �YX ����� E F[ZG\�]_^7` H Zbadcfe "
where we follow [15] in assuming g �+�Yh B

K, i ��>D@ j'O B
and� �����

is consistent with 300 mbar at the present time. We as-
sume the regolith comes into equilibrium with the atmosphere
on a time-scale of � h�>'>'>

yr.:
To determine whether CO � will freeze, one needs an equation

to model the meridional transport of energy to the poles. We
adopt the following form,

g 4��12, � g ,k F 47�12, �ml g 3n,��= T g ,k F 47�12,�o ( jp *mqrWs F[t l cvubc �_._1wox
g 3�,��= is the surface area-weighted mean temperature, us-
ing the Hoffert insolation model [9], which estimates average
annual insolation as a function of latitude. g ,k F 47�12, is the
weighted temperature based on the insolation model applied
to the polar cap only (albedo � >D@ O

). When
c �_.<1A� �7y >

mbar
and z �/>A@2O

, the present pole temperature is reproduced (at
obliquity { �|j B @ j#}

), and also results in a transition to a green-
house environment when { � ~ jWO#@ B }

, as implied by [9]. The
above arc tangent function replaces an exponential form used
in [15]. This alteration helps to maintain a modest difference
between g 47�12, and g 3�,��= even at high pressures, but returnsg ,k F 47�12, when pressures are very small.
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Evolution of Martian CO � : C. V. Manning et al.:
We use the Pollack [16] weathering model, though we also

incorporate Carr’s [4] restriction that the parameter ��� , which
represents the temperature dependency of the weathering rate,
is multiplied by a factor that declines linearly from 1.0 to 0.01
for temperatures between 273 to 250 K, respectively.

Our program uses the Laskar et al. obliquity and eccentric-
ity data [11] as input for the planetary insolation calculations.
This data is presented for each 500 year step over the last 10
Myr. We assume, moreover, that these variations are charac-
teristic of the changes during 10 Myr periods during the entire
last 4.6 Gyr, and that we can apply the data to the past without
a loss of generality. That is, we assume that the sense of the
evolution of the atmosphere is not lost if the specific timing
of obliquity variations is lost. The trends of obliquity suggest
that a complete cycle of 20 Myr can be made by inverting the
data and adding it to an uninverted copy. Such a 10 Myr cycle
is shown in Fig. 1.

Figure 1: The Laskar obliquity data [11] (from 0 to
Tf� >

Myr),
mirrored into the future, to give the semblance of a complete
obliquity cycle. The plus sign represents the present condi-
tions. See text for the rationalè for using this data as charac-
teristic of obliquity variations in the past.

Illustrative Results: Fig. 2 shows the variation of the
various CO � reservoirs in the very early Noachian, when the
starting total is 2.5 bar. The atmosphere is seen to fluctuate
between a runaway “greenhouse” phase and an “ice-house”
phase. During the ice-house, the ice-cap is the largest reservoir,
and in a greenhouse phase most CO � is in the regolith. The
downward tilt in the pressure during greenhouse phases is
due primarily to impact erosion, somewhat moderated at early
times by thermal decompositionof carbonates. The carbonates
initially placed in the regolith are being buried rapidly by lava
and thermally decompose at depth. Fig. 3 shows the entirety
of the Noachian period, where the ice-cap mass is removed for
clarity. In this example, the atmosphere comes to a minimum
at about 4.1 Ga, then gradually begins to build up. Note the
rough correspondence of the cumulative impact erosion and
outgassing from lava.

These early results suggest an answer to the first key ques-
tion posed at the outset. Due to the nature of impact erosion,
which is more effective when the atmosphere is in greenhouse

Figure 2: An early Noachian simulation showing the trend in
the four reservoirs using an initial total reservoir of 2.5 bar
of CO � , in which 1/3 is carbonates in the crust, and the bal-
ance is distributed in equilibrium between the regolith and the
atmosphere.

Figure 3: Same as Fig. 2 but including the entire Noachian,
but where the frozen CO � has been omitted for clarity. We
show the cumulative impact erosion and the cumulative vol-
canic outgassing. Impact erosion can be seen to increase in
“spurts” during greenhous phases.

mode, there is a natural dynamic balance of the atmospheric
pressure between the erosive effects of impacts and outgassing
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of CO � if outgassing rates are greater than the combined loss
rates from sputtering, photochemical losses, and weathering.

The obliquity cycles in Fig. 2 (reflected by variations in
atmospheric pressure during the ice-house phase) are shown
to have a profound effect on variations in the atmosphere.
Simulations show that the larger the amount of CO � placed in
the reservoirs, the larger the fraction of time the atmosphere
will be in the greenhouse phase. However the impact erosion
rate is so high at early Noachian times that the atmosphere is
quickly eroded to just a few mbar, at which point the distinction
between ice-house and greenhouse is negligible.

Figure 4: A high obliquity phase in the Hesperian showing the
trend of various reservoirs in time. Even in the Hesperian, im-
pact erosion appears able to significantly erode a greenhouse
atmosphere. The cumulative outgassing from lava is almost
equal to the total impact erosion. The atmospheric pressure at
2149.5 Ma is � h �

mbar.

Figures 4 and 5 show the reservoirs, and sources and sinks
to the atmosphere, respectively, for a mid to late Hesperian
high-obliquity period. Figure 4 shows the log of the mass as
a function of time, while Fig. 5 shows the log of the mass
change per Myr for various terms. This simulation shows the
source, lava outgassing, exceeds impact erosion, sputtering
and weathering. In this case, the sum of the sources slightly
exceed that of the sinks.

Recent observations are suggest of the existence of a very
recent former ice cap [8], of recent lacustrine environments [2],
of very recent floods in Athabasca Valles which experienced a
gradual decline in flow [1]. These, and the sightings of snow
packs on pole-facing slopes [5], and ice and rock glackers, and
terrestrial mudflows [3], all suggest that the environment in the
recent past was warmer and wetter than it is at present. Is this
attributable to a more massive greenhouseatmosphere? Figure
6 shows one the results of a simulation which placed 0.53 bar

Figure 5: Same time period as Fig. 4, but represents the
rate of change of sources or sinks for the atmosphere. The
largest source is lava outgassing, while the sinks, impact ero-
sion, sputtering and weathering, come close to balancing this
source. Note that CO � moves between ice caps and the re-
golith, mediated by the atmosphere. The thermal decomposi-
tion of carbonates is negligible at this epoch.

Figure 6: The possible variation of CO � reservoirs at very re-
cent times. A total reservoir of

j�@ �7� P � > t��
kg was used.

(
j#@ ��� P � > t��

kg) at 10 Ma, distributed in equilibrium between
the ice-cap, the regolith and the atmosphere. It shows that
the most recent obliquity variations (within the last 0.5 Myr)

Sixth International Conference on Mars (2003) 3056.pdf



result in a runaway greenhouse � h B >A" >W>'>
yr ago, with an

atmospheric pressure of � � >'>
mbar. The mean temperature

of Mars would then have been on order 10 C higher than at
present. At high obliquity, the temperature rise at mid- to
high-latitudes is significantly greater than this.

These simulations seem to support a Leighton and Mur-
ray model [12] in which the partial pressure of CO � at the
coldest pole determines the atmospheric pressure, although
it is essentially by construction, since meridional transport is
designed to be consistent with the current pole temperature
and planetary pressure. But is the Kahn mechanism [10] also
possible? If so, then weathering as a sink must dominate out-
gassing as a source, and the atmosphere must be evolving from
a much higher pressure than the present so that the greenhouse
effect will surpress ice-cap formation and accelerate weath-
ering. This would appear to require that impact erosion was
ineffective at early times. It would also appear to require that
the current CO � ice-cap mass is negligible. While no direct
measurement can disprove this at present, if the CO � ice cap
is small, then it may be difficult to explain the presence of
recent snow-fields, glaciers and mud flows in the highlands of
the southern hemisphere, for a larger obliquity at the current
pressure would do very little to the mean temperature or the
water-carrying capacity of the atmosphere.

Simulation as a Tool: Beyond the present effort to model the
evolution of the CO � atmosphere, the present model can be
enhanced to study the effects of the temperature and pressure
fluctuations on the evaporation rate of water and on the holding
capacity of the atmosphere, required to estimate precipitation
rates.

The rate of fractionation of isotopes is dependent on their
fractional presence in the atmosphere near the exosphere. Ice-
house phases will leave noble gases and nitrogen exposed to
greater rates of sputtering losses. On the other hand greenhouse
phases tend to protect these gases from fractionation. Thus the
extent to which fraction has proceeded is a measure of the
fraction of time in which the atmosphere has been in ice-house
phase.

Discussion: While the uncertainty in each parameter, source
or sink may be large, we would suggest that the atmosphere
was “guided” to its current state by various “coincidences” of
parameter values, rather than its being a highly improbable
state resulting from a unstable or chaotic process. That is, cer-
tain relationships betweeen sources and sinks existed at various
times – such as, for instance, that outgassingdominated weath-
ering and sputtering in the Noachian and the early Hesperian

so that a stable balance with impact erosion is possible. Weath-
ering may in principle provide another stabilizing mechanism
to outgassing. Perhaps a more sophisticated analysis of weath-
ering rates would suggest a more dominating effect, especially
at late times. In any case, a broader “phase space” should
be searched for possible configurations that could explain the
present “end-point”.
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TONGUE-SHAPED LOBES ON MARS: MORPHOLOGY, NOMENCLATURE, AND RELATION TO ROCK
GLACIER DEPOSITS. D. R. Marchant1 and J. W. Head2, 1Department of Earth Sciences, Boston University, Boston, MA
02215 marchant@bu.edu, 2Department of Geological Sciences, Brown University, Providence, RI 02912.

Introduction:  Recent work based upon Mars Global
Surveyor (MGS) data [1,2], in conjunction with previous
analyses of Viking data [3], suggests that rock glaciers, simi-
lar in form to those found in polar climates on Earth, have
been an active erosional feature in the recent geologic history
of Mars.  A wide range of literature exists describing rock
glacier characteristics, form, and distribution, but diversity of
opinion exists on rock glacier nomenclature and genesis.

In this contribution we outline the two-fold genetic clas-
sification of Benn and Evans [4] for terrestrial rock glaciers,
and then propose a non-genetic descriptive set of terms to be
applied to martian features.

Terrestrial Classification: Benn and Evans [4] applied
a simple two-fold genetic classification system to terrestrial
rock glaciers, dividing them into periglacial (Fig. 1) and
glacial (Fig. 2) groups.

Periglacial Rock Glaciers.  These are purely periglacial
features that form by deformation of the lower parts of talus
slopes into bulging lobes, and do not involve the presence of
glacial ice (Fig. 1).  This will yield either isolated or overlap-
ping protalus lobes (‘L’ in Fig. 3), and protalus ramparts, as
seen in the middle left and far right of Fig. 3.

Glacial Rock Glaciers.  These originate from the pro-
gressive burial of a core of glacier ice by a boulder-rich de-
bris mantle, and its subsequent downslope movement and
deformation (Fig. 2), and are considered transitional to de-
bris-covered glaciers.  These are often found in cirque basins
(Fig. 3), where significant amounts of debris are deposited on
glacial surfaces by slope processes and debris is concentrated
by melt-out or sublimation processes.

The contrasting morphology of these types of deposits is
illustrated in Fig. 3.  On the left, overlapping protalus lobes
form at the base of a rock glacier forming at the lower art of
the valley wall, while an extensive, single protalus lobe is
seen at the base of the valley wall in the center right.  In con-
trast, in left center, a valley glacier is seen emerging from an
ice cap on the summit of the plateau.  Earlier advance of this
valley glacier overrode the periglacial rock glaciers, extended
onto the valley floor, and formed a moraine.  Subsequent
retreat to its present position was accompanied by melting
and drainage, locally breaching the moraine.  Because of its
origin from the ice cap at the summit of the plateau, the val-
ley glacier is not covered with debris and has a dominantly
ice-free surface.

In the center, a major cirque disrupts the linear continuity
of the valley wall and provides a local environment for the
accumulation of snow.  Continued accumulation builds a
glacier which becomes covered with debris because of the
steep and active slopes of the cirque walls (Fig. 2).  The ice-
cored glacial rock glacier flows downslope out of the cirque
and down the valley wall onto the valley floor where it
broadens to form a spatulate or Piedmont-type glacial rock
glacier.  In the middle-right, a smaller cirque also forms an
environment of snow and ice accumulation and debris cover
from the cirque walls.  Subsequent melting of glacial ice
within the two glacial rock glaciers has caused a linear de-
pression and stream to form in the tongue-shaped rock gla-
cier.  Melting has caused nicks, a small lake, and streams in
the spatulate rock glacier.

Different processes and environments could produce
similar or gradational landforms and thus the landforms
themselves might not be unequivocal indicators of a specific
origin.  Thus, we follow Whalley and Azizi [1] and suggest
that non-genetic descriptive terms be used for the martian
features.

Martian Features:  We have developed a descriptive,
non-genetic nomenclature for the topography, features and
deposits associated with these structures.

We call on established anatomical morphology for no-
menclature.  The tongue-shaped lobe can be divided into the
tip, or apex, the blade (the flat surface just behind the tip),
the body and its rear part (the dorsum), and the tongue root.
Ridges along the edges are called marginal ridges and those
concave outward ones at the tongue apex are called apical
ridges.  Within the tongue body and in the dorsum area occur
a series of chevron-shaped ridges with the apex of the chev-
rons pointing toward the tongue apex.  The central part of the
tongue is depressed.  The tongue root zones occur in the up-
per parts of crater walls in subdued alcoves.  The tongue
width narrows by at least a factor of two from the root zone
toward the tongue body.  Chevron ridges occur primarily
within this transition zone.  Surrounding the tongue-shaped
lobes are linear to elongate smoothed and subdued ridges and
mounds, some with scalloped margins.  The scalloped mar-
gins occur on the inside and the broad structure often mimics
the tongue shape.  In Fig. 4, subdued channels emerge from
the apices of these broad features.  We interpret these broad
features to be remnants of earlier larger and more extensive
lobes.

Terrestrial Analogs: The Antarctic Dry Valleys offfer a
Mars-like environment in which many of the features shown
in Fig. 2 can be seen.  In Fig. 6, near Pearse Valley, protalus
lobes are being produced.  Water draining from the rock
outcrops in the background is soaking into the ground and
producing gelifluction lobes in the permafrost.  Continued
drainage is dissecting the lobes and forming deltas and fans
between the lobes and the lake on the valley floor.

In Fig. 7, near Beacon Valley, a cirque hosts the accumu-
lation zone of a rock glacier extending for ~2 km down a
steep-sided valley.  On the opposite side, snow and ice are
accumulating in cirques to form glaciers that extend down-
slope, producing distinctive tongue-shaped moraines at their
margins.

In Fig. 8, a tongue-shaped ice-cored rock glacier extends
down a narrow valley into the surrounding valley floor.  Note
that the ridges on the rock glacier continue throughout the
length of the feature, indicating the presence of a surface till
and its deformation into nested ridges.  Compare this rock
glacier morphology to the moraine in the glaciers in Fig. 7,
and to the lobe-like morphology of the protalus lobes of
gelifluction origin in Fig. 6.  The transverse profile of the
rock glacier is also flat to convex, as opposed to the concave
nature of the lobate moraine of the glacial deposits in Fig. 8
once the ice has retreated.

Conclusions: On the basis of the characteristics of the
tongue-shaped lobes on Mars, their associated features, and
comparison to features in the Antarctic Dry Valleys of
known origin, we can reach the following conclusions:
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1) A variety of features on Mars are very similar to fea-
tures on Earth that form in glacial and periglacial
environments.

2) Confusing nomenclature, genetic classifications,
possible form convergence or equifinality, and un-
certain origins of many of the terrestrial examples
all make direct application of general Earth morpho-
logical comparisons to Mars difficult.

3) We therefore have developed a descriptive and non-
genetic nomenclature for these features.

4) Careful comparison of the Mars features to well-
studied Earth analogs in the Mars-like environment
of the Antarctic Dry Valleys can lead to insights into
the origin of these features on Mars.

5) The morphology and characteristics of the Mars fea-
tures examined in this study have been carefully
compared to three types of features in the Antarctic
Dry Valleys: 1) gelifluciton lobes, 2) rock glaciers,
and 3) alpine glaciers.

6) The tongue-like lobate, concave nature of these fea-
tures is very similar to alpine glaciers and debris-
covered glacier deposits. In these cases, the percent-

age of ice in the original deposit was very high, and
sublimation and melting led to retreat, and subsi-
dence and downwasting of any debris cover, leaving
marginal morainal ridges as a main feature.

7) The presence of fainter, broad lobe-like features
with scalloped margins of similar orientation sug-
gest the former wider extent of such activity.

8) The lack of cross-sectional convexity in these
tongue-shaped lobes and related deposits suggests
that the ice involved in their formation is now
largely gone. This suggests that conditions in the
past favored the formation of active glaciers and
glacial landforms, and that the present time is more
equivalent to an interglacial period.

9) The presence of these features on pole-facing inte-
rior crater walls suggests that this micro-
environment is very favorable for the accumulation
of snow and the initiation of local glaciation.

10) This type of glaciation appears to be a significant
process in the modification of crater walls and
floors.

References:  [1] Whalley, W. B. and Azizi F. (2003) JGR, 104
(E4),8032, doi: 10.1029/2002JE001864. [2] Head J. W. and Mar-
chant, D.R. (2003) Geology, (accepted; in press). [3] Lucchitta, B. K.
(1981) Icarus, 45 (2), 264-303. [4] Benn, D.I. and Evans, D.J.A.
(1998) Glaciers and Glaciation, Arnold Publishers, London.

[5] Johnson, P.G. (1984), Annals of the Association of American
Geographers, 74, 408-419. [6] Martin and Whalley (1987), Progress
in Physical Geography, 11, 260-282.  [7] Humlum, O. (1982), Norsk
Geografisk Tidsskrift, 82, 59-66.  [8] Potter et al. (1998), Geograf-
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Figure 1.  Skin flow model of periglacial rock glacier forma-
tion.  (From [5])

Figure 2. Model for ice accumulation in rock glaciers.
(From [6])
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Figure 3.  Morphological features associated with each type of rock glacier. (From [7])

Figure 4.  MOC image M04/02881 of a crater wall at
248°W/36°S, Mars.  North is at the top of the image, and
illumination is from the northwest.

Figure 5.  MOC image M18/00898 of a crater wall at 247°W/38.6°S,
Mars.  North is at the top of the image, and illumination is from the
northwest.
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Figure 6.  Protalus lobes near Pearse Valley, Antarctica

Figure 7. Beacon Valley, Antarctica.

Figure 8.  Rock glacier extending to the floor of Beacon Valley, Antarctica.
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NASA’s Mars Exploration Program seeks to 
answer the question of whether Mars has ever been a 
habitable world, through study of how geologic, cli-
matic, and other processes have interacted to shape the 
Martian environment.  Alternating orbiter and lander 
vehicles are planned for upcoming biannual launch 
windows, potentially resulting in a surface mission 
once every four years.  This infrequency of surface 
missions makes it important to maximize the potential 
for useful science return of each landed mission 
through carefully directed mission design.  The motiva-
tion for this project arose from the need for a tool to 
rapidly create and compare system-level Mars rover 
designs.  Specifically, the project resulted in a trade 
space design and analysis tool that is able to render 
rover designs applicable to the architecture and design 
selection of the 2009 Mars mission – the Mars Science 
Laboratory (MSL) – and to future robotic surface ex-
plorers. 
 Graduate students2 in the Department of 
Aeronautics and Astronautics at MIT developed a Mars 
rover modeling tool as a semester-long project in a 
space systems engineering course.  The project was 
supported by engineers and scientists from the Jet Pro-
pulsion Laboratory (JPL), who provided insight into 
rover design drivers, information on existing rover 
designs, and suggestions as to the appropriate scope of 
the project.  The project scope was limited to the de-
sign of independent rovers, and emphasis was placed 
on design drivers that are related to surface operations, 
disregarding launch and entry/descent/landing.  Focus 
was placed on architectural and system-level trades, 
rather than on detailed engineering decisions.  Active 
landers were not considered in the trade space, and 
only a very limited set of prior-to-landing considera-
tions was taken into account.   

 Figure 1 depicts the process followed by the 
trade space tool in creating a set of rover designs.  The 
process begins with a user-defined mission scenario 
represented by a set of parameters in the science and 
design vectors.  The science vector includes those pa-
rameters that are held constant for all designs in a par-
ticular trade space.  Examples of science vector pa-
rameters include the science payload (instruments and 
acquisitions tools) and landing site parameters such as 
rock distribution, latitude, and the expected distance 
between interesting samples.  The design vector in-
cludes the set of architectural and system-level parame-
ters that uniquely identify a particular rover design 

within the trade space.  Design vector parameters in-
clude mission duration, power system type, wheel di-
ameter, and several indicators of autonomous capabil-
ity.  The user provides a range of allowable values for 
each parameter in the design vector, and iteration 
through all allowable instances of the design vector 
results in a trade space of rover point designs. 

Figure 1: Trade space analysis process flow. 

 
The design and science vectors are taken as 

inputs by the rover design model, which outputs a cor-
responding system-level rover design.  As shown in 
Figure 1, the rover design model is divided into five 
algorithm modules, and contains two high-level itera-
tive loops.  The environment module models rock fre-
quency and determines the solar energy available to the 
rover.  The rover module models the structural, mobil-
ity, and thermal infrastructure necessary to integrate 
and support the onboard hardware.  The power module 
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sizes the power system components to meet the needs 
of the instruments, communications system, drive mo-
tors, and other electronic systems.  The autonomy 
module determines how many samples can be obtained 
over the mission lifetime based on design vector pa-
rameters such as the levels of autonomy, and consid-
erations such as available power.  Examples of the lev-
els of autonomy are specifications for autonomous 
short and long distance traverse capability:  each of 
these may be described by A1, the level of autonomy 
used by the Mars Exploration Rovers, or by A3, an 
advanced level of autonomous operation identified by 
NASA for possible use in future rovers.  The commu-
nications module sizes the communications system to 
provide appropriate data transfer rates, given the levels 
of autonomy of the rover.  When a design has con-
verged, the data describing that design are saved, and 
the next instance of the design vector is evaluated. 
 When iteration through all allowable instances 
of the design vector is complete, each design in the 
trade space is evaluated for its utility and cost based on 
a pre-determined set of desired mission attributes.  The 
utility describes the ability of the rover design to fulfill 
a set of mission goals – in essence, it is a measure of 
the potential for science and engineering return offered 
by a particular design.   

By varying the values of the parameters in the 
design vector, the effects of both simple and compound 
architectural decisions on mission utility can be shown.  
The ability to identify optimal architectures in a diverse 
trade space will provide insight applicable to future 
mission plans, and will direct mission planners toward 
locally optimal regions of the trade space suitable for 
in-depth study.  As an example, the modeling tool has 
the potential to reveal the benefits of investing in 
higher levels of autonomy, and to make clear the spe-
cific applications in which increased autonomy can 
influence scientific return.  The ability for mission 
planners to design and compare rover architectures 
spanning a diverse trade space will help ensure that 
future surface missions to Mars are cost effective and 
scientifically rewarding.  

 
 
 
2Design Team Members: Babak Cohanim, Edward Fong, Ian 
Garrick-Bethell, Kalina Galabova, Mark Hilstad, Erisa 
Hines, Julien Lamamy, Jessica Marquez, Tsoline Mikaelian, 
Roshanak Nilchiani, Chris Roberts, Stephanie Chiesi, Julie 
Wertz, Barry Willhite 
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Introduction: Within the past 40 years, advances 
in ground-based remote sensing and significant re-
turn of spectral and compositional data from the Mar-
tian surface have led to a rapidly increasing knowl-
edge of the surface mineralogy of the planet. These 
results, combined with progress made in the fields of 
laboratory measurements and simulations, have per-
mitted better-constrained interpretation of the surface 
materials, hence allowing for improved understand-
ing and comparisons of the various evolution proc-
esses, whether these processes are relevant to weath-
ering and alteration or to more climatic-related 
changes. It is expected from future missions to bring 
back a substantial amount of additional composi-
tional data. In particular, the ESA Mars Express 
spacecraft (Fig. 1), due for launch at the beginning of 
June 2003 and for arrival at Mars at the end of De-
cember 2003 [1], will return outstanding, unprece-
dented stereo images, multi-/hyper-spectral visi-
ble/near-infrared data sets, and UV-infrared spectra. 
These will be acquired and delivered by the HRSC, 
OMEGA, PFS and SPICAM instruments (Fig.2), 
with better spatial and/or spectral coverage than pre-
vious Mars missions. The purpose of the investiga-
tions to be done with the data from those experiments 
will be to process and analyze such data sets with the 
broad scientific objectives of: 

• providing additional essential information 
and clarifying the debate about the detection, 
presence, abundance, and mixing degrees of 
surface constituents such as oxides, hydrates, 
silicates, clays, frosts, carbonates, sulfates, 
and palagonitic-like materials. 

• decorrelating the respective contributions of 
the surface and atmosphere. 

• updating the models of evolution of the Mar-
tian surface, in relation with the geologic 
timescales. 

 
The HRSC, OMEGA, PFS, and SPICAM ex-

periments onboard Mars Express: Among the 
main scientific goals of the Mars Express mission 
[2], surface investigations using high-resolution im-
aging and mineralogical detection and mapping will 
play an essential role in the study of the Martian sur-
face composition and evolution. This is ensured by a 
comprehensive set of instruments comprised in the 
Mars Express payload. 

The HRSC camera, a pushbroom scanning in-
strument with 9 CCD line detectors mounted in paral-

lel, has the capability to acquire simultaneously ste-
reo, high resolution, multispectral, and multi-phase 
angle imagery covering extended contiguous regions 
on Mars. It will characterize the surface structure and 
morphology at high spatial resolution (up to 10 
m/pixel), and super resolution using its SRC channel 
(up to 2 m/pixel). During the nominal operational 
lifetime of the mission (1 Martian year), it is ex-
pected that 70% to 90% of global/regional coverage 
will be achieved at >20m resolutions. High-
resolution (10-20m) imaging will cover up to 50% of 
the surface, and super-resolution imaging will cover 
about 1% of the surface. Among many other objec-
tives, the camera will also characterize the surface 
topography at high spatial and vertical resolution, 
perform terrain compositional classification, and in-
vestigate the geologic evolution of the surface and 
the links with the climate history of the planet. 

The OMEGA mapping spectrometer is operating 
in the visible and near-infrared from 0.5 to 5.2 mi-
crometers with 352 contiguous wavelength channels, 
allowing for identification of the major classes of 
minerals. The spectral resolution λ/∆λ is in the range 
70 to 200. It is composed of two grating spectro-
graphs, with an imaging capability of 128 contiguous 
IFOV of 1.2 mrad each and a FOV of 8.8 degrees. 
OMEGA will provide data of the Martian surface 
that will be very complementary of the TES and 
THEMIS data sets onboard MGS and Mars Odyssey, 
respectively. In orbit around Mars, this experiment 
will identify and characterize specific mineral and 
molecular phases of the major geologic and photo-
metric units, map the spatial distribution and abun-
dance of the detected mineral species, achieving 
global mineralogical mapping at a few kilometers 
spatial resolution. High-resolution coverage of se-
lected areas of interest will be obtained at a few hun-
dred meters spatial resolution. 

The Planetary Fourier Spectrometer (PFS) is an 
infrared spectrometer with onboard real-time Fast 
Fourier Transform capability, covering a wavelength 
range from 1.2 to 45 micrometers, separated in two 
wavelength channels, short (SW; 1.2-5 µm) and long 
(LW; 5-45 µm). The spectral resolution is 2 cm-1. 
The FOV is 2 and 4 degrees for the SW and LW 
channels, respectively. The obtained spatial resolu-
tion will be about 10 to 20 km around pericentre. 
Although its main objective is the investigation of the 
Martian atmosphere, with a focus on the global at-
mospheric circulation and on the mapping of the at-
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mospheric composition, the PFS experiment will also 
contribute to surface studies. In particular, it will 
provide spectral data that will inform on the thermal 
inertia, the mineralogical composition of the surface 
layer, the nature and composition of the surface con-
densate and its seasonal variations, and the surface-
atmosphere interactions. 

SPICAM is a UV-Infrared imaging spectrometer 
dedicated to the study of the Martian atmosphere 
circulation and composition. This instrument will 
also investigate surface-atmosphere interactions. It is 
composed of a UV channel (118-320 nm) and an IR 
channel (1.3-4.8 µm). SPICAM measurements will 
provide enough information for modeling the Mar-
tian environment at ground level, allowing for an 
accurate assessment of the effect of solar UV and 
oxidation of the surface materials. The investigation 
of surface-atmosphere chemical interactions using 
SPICAM will be essential to the development of 
models and scientific interpretations relevant to the 
presence and history of water on Mars, in connection 
with geological evidence. In addition, measurements 
of the spectral UV albedo of the surface will permit 
possible discrimination of diagnostic mineral phases, 
and infrared surface spectra will be produced that 
could be cross-compared with data acquired by 
OMEGA and PFS. 

 
Spectral and Compositional Investigations: 

Variations in the chemical composition, physical 
properties, and mineralogy of the soils, dust, and 
rocks are the consequence of various surface proc-
esses acting on Mars over geologic timescales, such 
as weathering and alteration [e.g., 3]. Detailed inves-
tigations of the multispectral and hyperspectral data 
sets to be returned by HRSC and OMEGA, using 
additional correlation with complementary spectro-
scopic data from PFS and SPICAM, will be per-
formed to address the following key issues: The 
quantitative constraint of the physical/chemical com-
position and mineralogy of rocks and soils; the po-
tential genetic connection between rock coatings and 
surface/airborne fines; the extent of the control of 
mixing on the observed composition of soils and 
rocks; the controlling role of weathering or other 
alteration processes in the physical modification or 
the chemical composition of the surface materials; 
the evolutionary stages of the sedimentary (or other) 
geologic processes that created and modified rocks 
and soils. Current (Mars Odyssey 2001, Mars Global 
Surveyor) data sets returned from Mars constitute the 
best information to date against which the consis-
tency of the Mars Express data will be tested, past 
(Mars Pathfinder, HST, Viking) data sets still being 
used for comparisons. Furthermore, in situ data sets 

acquired at the Beagle-2 landing site in Isidis Planitia 
(90.75°E, 11.6°N) or at the Mars Exploration Rovers 
landing sites will be used as additional information 
on the composition and mineralogy of the local sur-
face, providing independent “ground truth” to the 
interpretations made at regional scale. 

The analyses to be performed using HRSC and 
OMEGA data will attempt to accurately characterize 
the full range of spectral, compositional, and minera-
logical diversity of the Martian surface, focusing on 
regional areas selected on the basis of their composi-
tional and/or geologic interest. A comprehensive set 
of analytical tools and methodologies will be used to 
validate the Mars Express data, using the latest ad-
vances made in the gathering and analysis of spectral 
data, images and samples. Existing databases pro-
duced from experimental spectro-imaging studies or 
from laboratory analyses will also be used, allowing 
for improved documentation of the various physical 
and compositional mixing processes involved at 
mesoscale in the integrated remote sensing observa-
tions made at macroscopic scale. Spectral surface 
units will be identified as well as their extension, 
photometric properties will be investigated, and min-
eralogical maps produced. Mineralogic and composi-
tional data from OMEGA will be correlated with 
HRSC geomorphologic multispectral maps, leading 
to a refined classification of soil and dust materials. 

 
Conclusion: OMEGA and HRSC data sets will 

bring important new information on the roles played 
by weathering and/or mixing processes that altered 
the surface materials during both past and present 
climatic regimes. The interpretation of these analyses 
will confirm, complement or challenge the latest re-
sults from Mars Global Surveyor and/or Mars Odys-
sey dealing with, e.g., rock composition variations of 
the volcanic surface materials, the occurrence of 
aqueous mineralization, or the detection of crystalline 
hematite in sedimentary rock formations. 
 

References: [1] P. D. Martin and A. F. Chicarro 
(2002) LPS XXXIII, Abstract # 1495. [2] P. D. Mar-
tin et al. (2001) LPS XXXII, Abstract # 1575. [3] 
Pieters, C.M. and Englert, P.A.J. (1993) Cambridge 
University Press. 
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Figure 1: Mars Express spacecraft in integration and testing facility in Astrium-Toulouse, France. 
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MARS EXPRESS SPECTRAL AND COMPOSITIONAL INVESTIGATIONS: P. D. Martin 

 

Figure 2: Same as Figure 1, with a view focused on the payload instruments to be involved in spectral and compo-
sitional investigations of the Martian surface. From right to left: HRSC, OMEGA, PFS, and SPICAM. 
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MODELING NEAR-SURFACE TEMPERATURES AT MARTIAN LANDING SITES.  T. Z. Martin1, N. T. 
Bridges1, and J. R. Murphy2, 1Jet Propulsion Laboratory (4800 Oak Grove Dr., Pasadena, CA 91109), 2New Mexico 
State Univ.). 

 
 
Introduction: We have developed a process for 

deriving near-surface (~1m) temperatures for potential 
landing sites, based on observational parameters from 
MGS TES, Odyssey THEMIS, and a boundary layer 
model developed by Murphy for fitting Pathfinder 
meteorological measurements. Minimum nighttime 
temperatures at the MER landing sites can limit power 
available, and thus mission lifetime. Temperatures are 
derived based on thermal inertia, albedo,  and opacity 
estimated for the Hematite site in Sinus Meridiani, 
using predictions of 1-m air temperatures from a one-
dimensional atmospheric model. The Hematite site 
shows 9 % probability of landing at a location with 
nighttime temperatures below the –97 C value consid-
ered to be a practical limit for operations. 

Approach one - using TES albedo/thermal iner-
tia maps: Existing maps of albedo and thermal inertia 
derived from MGS TES data provide a ready means of 
predicting temperatures for any location, season, time 
of day, and dust opacity using a thermal model. Here 
we employ Murphy’s boundary layer model [1,2] to 
generate air temperatures at 1 m for input values of A, 
I, opacity, season, and local time. Although the TES 
data are limited in spatial resolution, that instrument’s 
excellent calibration provides reliable temperatures 
consistent with the body of evidence from Viking or-
biter and lander data, as well as Pathfinder air tempera-
tures. 

Approach two - using THEMIS nighttime ther-
mal imaging: The Odyssey THEMIS instrument, 
though not as well calibrated as TES, has 100 m imag-
ing resolution in bands in the 10-12 µm range, and 
thus offers additional information about the spatial 
distribution of nighttime thermal regimes. We have 
explored the transformation required to infer from raw 
THEMIS brightness temperatures nightly minima at a 
differing local time and season. A more accurate ap-
proach would be to use THEMIS-derived inertias, 
once these become available. 

 
Application:  We model the nightly minima ex-

perienced by a MER rover at the Hematite site, near 
the end of the mission when temperatures are of most 
concern. This site also experiences the lowest tempera-
tures, due to low inertia (dust-covered) regions in the 
landing error ellipse.  

We find using approach one a 9% probability that 
the MER rover would land in a site where the tempera-
tures fall below –97 C at Ls 30. Nightly minima can be 
expressed as contours in the albedo/inertia distribution 
(Fig. 1). For the Isidis candidate landing site, note the 
considerably higher inertia places it well beyond the 
region of concern. The minimum temperature map for 
Hematite (Fig. 2) shows the concentration of problem-
atic low temperatures in the west part of the landing 
probability ellipse.  

The THEMIS images are currently of value primar-
ily for their spatial resolution; they show a variance of 
about 2 K across one strip within the Hematite ellipse.  

Discussion:  We believe this approach will have 
other applications, both scientifically in modeling of 
near-surface environments, and technically to aid in 
future mission designs. Among the physical studies of 
interest are the transfer of water vapor and the devel-
opment of daytime turbulence. 

As mesoscale models [3,4] develop further, we ex-
pect them to take over a greater role in providing this 
kind of information. Winds clearly can affect the local 
thermal environment, mixing thermal domains hori-
zontally and also mixing warmer air down from higher 
altitudes during nightly inversions. The THEMIS data 
will permit derivation of a zero-wind baseline for such 
work. 
 

References:  
[1] Haberle, R.M. et al. (1999) JGR, 104, 8957–

8974. [2] Haberle, R.M. et al. (1997), JGR, 102 13301-
13311. [3] Rafkin, S., et al (2001) Icarus 151, 228. 
[4] Toigo, A. and M.I. Richardson (2002),  JGR, 107, 
10,129. 
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METHANE HYDRATE EXPLORATION ON MARS: A TEST BED FOR 
DEVELOPMENT OF STRATEGIES FOR PLANETARY EXPLORATION 
Michael D. Max, MDS Research, Suite 302, 1211 Connecticut Ave. NW, Washington 
DC 20036 

Stephen M. Clifford, Lunar and Planetary Institute, 3600 Bay Area Blvd., Houston TX 
77058 

 

 NASA, along with its international partners, has developed a Mars exploration 
strategy, based on robotic missions, that extends well into the next decade.  Because of its 
proximity to Earth, the abundant evidence for water, and the implications that water has 
for the development and persistence of life, Mars is also the next likely target for human 
exploration and colonization.  As such, it will also serve as an important test bed for the 
development of techniques for deep biosphere exploration and resource evaluation for 
other bodies in the solar system. 

 If the early evolution of the Earth and Mars followed similar paths, then it’s 
possible that methanogenic bacteria may have developed in the planet’s early aqueous 
surface and near-surface environment (Max & Clifford, 2000).  During the transition of 
the early Martian hydrosphere to the colder conditions that characterize the planet today, 
such early life may have adapted to subpermafrost conditions similar to the present deep 
biosphere environment of the Earth.  The potential existence of such a deep microbial 
biosphere on Mars has enormous implications for the potential development of life, and 
the availability of methanogenicly-produced resources, elsewhere in the solar system 
(such as the putative deep mantle ocean of Europa).  

On Mars, as on Earth, it is expected that biogenic methane will migrate upward in lithic 
pore water in deep crusts until it reaches the hydrate stability zone (HSZ), is the region  
defined by the temperature and pressure regime where methane hydrate is stable. 
Methane produced by organisms in subsurface sediments is often naturally concentrated 
by buoyant migration and confinement beneath low permeability strata and ice-sealed 
traps.  On Mars, this potential is likely enhanced by the widespread occurrence of 
subsurface permafrost. 

 The methane trapped in these deposits may occur as both gas pockets or, under 
appropriate conditions of temperature and pressure, as a hydrate that takes the form of 
intergrown, poorly-defined ice-like crystals.  Hydrocarbons (mostly methane), as well as 
other gases, are thermodynamically stabilized in gas hydrates by hydrogen bonding (Van 
der Waals weak electrical forces) within a cubic crystalline lattice of water molecules.  
Because not all the guest sites within the lattice are generally occupied, gas hydrates are 
non-stoichiometric compounds of methane and water [CH4 • 6.1 (±0.1%) H2O].  Hydrate 
formation concentrates methane by forcing the molecules into closely packed lattice sites 
in the hydrate crystals (at a molecular density that exceeds that of even liquified 
methane). Typically, 1 m3 of naturally occurring 90% saturated methane hydrate contains 
164 m3 of methane gas (at STP) and 0.8 m3 of liquid water (Kvenvolden, 1993). 
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 The stability field of methane hydrate is constrained by the increase in crustal 
temperature and pressure that occurs with depth.  On Earth, hydrate is found in the 
intergranular pore space of rocks and sediments at depths as shallow as 150-200 m in 
permafrost regions, and in the low-temperature, high-pressure conditions found on the 
deep ocean floor.  Like permafrost, the maximum depth at which hydrate remains stable 
is limited by crustal temperature, although the pressure-temperature fields of water-ice 
and methane hydrate differ considerably (Fig. 2).  The region of the crust that satisfies the 
thermodynamic stability criteria for methane hydrate is called the Hydrate Stability Zone 
(HSZ), whose thickness is governed by the magnitude of the local geothermal gradient 
(i.e., being greater for shallow gradients and thinner for steeper gradients).  

 In practice, determining the absolute depth to which methane hydrate will remain 
stable is complex because of dissolved solids and the local geothermal gradient, the mean 
annual surface temperature and the recent thermal history of the crust.  Beneath this 
depth, methane persists as a gas.  For example, large gaseous methane deposits associated 
with water below the HSZ have been identified off the southeastern coast of the United 
States (Fig. 1).  The low acoustic velocity (Vp) gas beneath the sediment whose porosity 
has been filled to the extent that it reduces permeability and traps the gas beneath it 
(while increasing the seismic velocity of the hydrate-rich sediment, forms a strong 
negative impedance reflector called the Bottom Simulating Reflector (BSR).  This 
stratification of methane hydrate within the HSZ and gaseous methane below, is 
characteristic of hydrate systems on Earth, with the occasional exception of gas pockets 
within the HSZ that have not reacted with water to form hydrate. 

 

 
Figure 1.  From Max, 1999.  Original seismics from W.P. Dillon, U.S. Geological Survey 
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 Methane hydrate and water-ice form a compound cryogenic zone.  Water-ice is 
stable from the surface to about 0 °C and hydrate is stable from some depth below the 
surface (depending on average surface temperature, total pressure, and geothermal 
gradient) to some depth below the base of the water-ice stability zone.  In Alaskan 
permafrost, variations in the local thermal properties of the crust can yield maximum 
hydrate stability depths of 600 - 1075 m with associated crustal temperatures of ~285 - 
287 K. 

On Mars, methane hydrate is stable close to, but not at, the surface. Since the dominant 
constituent of the crust appears to be basalt (or basalt-derived weathering products), the 
difference in lithostatic pressure at any depth between Mars and the Earth simply scales 
in proportion to the ratio of gravitational accelerations for the two planets (i.e., ~0.38 g).  
At the 200 K average surface temperature of Mars, hydrate is not stable at less than about 
140 kPa, which corresponds to a depth of ~15 m (assuming an ice-saturated permafrost 
density of 2.5x103 kg m-3).   Given a reasonable estimate of the thermal properties of the 
crust, the base of the Martian HSZ should then extend to depths that lie from several 
hundred meters to as much as a kilometer below the base of the.  Thus, the total thickness 
of the Hydrate Stability Zone on Mars is likely to vary from ~3 km at the equator, to ~8 
km at the poles HSZ (Max and Clifford, 2000). 

 Hydrate formed during the early phases of establishment of the Martian 
cryosphere, however, may still exist as ‘perched’ deposits near the surface of Mars, 
encased by water ice.  If concentrated methane in the form of methane hydrate can be 
found in the near subsurface of Mars or otherwise easily accessible on other bodies in the 
solar system, then all the elements necessary for the human occupation may exist.   
Because hydrate compresses methane (and carbon dioxide hydrate), concentrated 
methane and carbon dioxide may exist in relatively rich deposits. 

 Methane deposits can be primarily considered as a fuel while the water produced 
from hydrate can be expected to be pure and potable with minimal processing.  The 
possibility that fuel and pure water can be found collocated on Mars and other bodies in 
the solar system should cause a review of exploration strategies.   

 Identification of deep biosphere and gas (methane and carbon dioxide) hydrates 
on Mars, therefore, should be considered as a strategic priority for planetary research.  
Exploration techniques that are currently being used or developed to identify and quantify 
gas hydrate on Earth can be used on Mars.  In the first instance, the primary means of 
detecting hydrate is seismic and acoustic analysis.  This common geophysical method 
consists of using well located sound sources and geophones to produce a set of seismic 
data, which can be processed and interpreted to reveal detailed subsurface structure and 
material properties.  Remotely operated seismic exploration techniques on the surface of 
Mars, combining modified geophysical industry equipment and procedures, marine 
science acoustic experimental equipment and procedures, and new processing and 
analysis techniques, can be used to identify hydrate and gas deposits.  

 In addition, remote autonomous drilling can penetrate into the subsurface, where 
the real search for deep biosphere must be conducted.  Technology developed for 
autonomous drilling in the deep seafloor can be extrapolated to Mars. 
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CHARACTERIZATION OF THE WEATHERING PRODUCTS OF ANTARCTIC MARTIAN 
METEORITE ANALOG MATERIALS AND IMPLICATIONS FOR THE FORMATION OF MARTIAN 
SURFACE FINES.  A. C. McAdam1, L. A. Leshin1,2 and R. P. Harvey3  1Department of Geological Science, Ari-
zona State University, Box 871404, Tempe, AZ 85287-1404, amcadam@asu.edu,  2Center for Meteorite Studies, 
ASU, P.O. Box 872504, Tempe, AZ 85287-2504, 3Department of Geological Sciences, Case Western Reserve Uni-
versity, 10900 Euclid Avenue, Cleveland, OH 44106-7216. 
 
 

Introduction:  Understanding the role of water in 
the Martian near-surface environment is among the 
highest priorities of NASA’s Mars Exploration Pro-
gram.  Surface fines provide the best opportunity to 
assess the nature of the Martian surface environment, 
because they are sensitive to the action of water.  For 
example, common soils on the Earth are made up 
largely of chemically weathered minerals because of 
the abundance of liquid water.  In contrast, lunar fines 
are produced purely by physical weathering (domi-
nantly meteorite impact), and consist of ground igne-
ous minerals, due to the lack of liquid water on the 
Moon.  Mars’ environment is likely somewhere be-
tween these extremes.  Samples of fines from the Mar-
tian surface are not available for analysis, but their 
return to Earth has been proposed [1].  Through analy-
sis of terrestrial analogs to Martian fines, insight into 
potential Martian surface processes can be obtained in 
advance of returned samples.    

Weathering in Antarctica.  Rocks and soils in Ant-
arctica are exposed to some of the coldest and driest 
weathering environments on Earth.  As a result, physi-
cal weathering processes generally dominate, although 
some significant chemical weathering also takes place.  
The main physical weathering processes that produce 
regolith in Antarctica are the action of water, in the 
form of either ice, liquid or vapor, glacial action, salt 
weathering, insolation and wind action.  Overall, proc-
esses that depend on water are not highly effective in 
Antarctica, in comparison with other physical weather-
ing processes, because of the extreme cold and aridity 
[2-4].  Salt weathering, or weathering and fragmenting 
of rock due to crystallization of salts in pores and 
cracks, seems to be fairly common.  Solar heating of 
soil and rock surfaces is also known to occur.  In addi-
tion, many processes of rock decay and soil formation 
in Antarctica are dependent on wind action, which 
removes and redistributes the products of many physi-
cal weathering processes.  Wind also allows ice frag-
ments, sand and dust to abrade rock surfaces and sur-
face coatings [2]. 

Chemical weathering in Antarctica consists mainly 
of some weathering and decomposition of ferromag-
nesian minerals and subsequent deposition of thin iron 
oxide and silica coatings on more resistant grains and 
on rock surfaces, as well as, in some cases, clay min-

eral formation [2, 3, 5, 6].  The progression from 
amorphous iron oxides to clay minerals is highly sensi-
tive to the availability of water [2, 5].  There are also 
insoluble and soluble salts found in Antarctic soils in 
varying amounts [2, 7].   

Weathering on Mars.  The mineralogy of Martian 
fines has not been directly measured due to limitations 
of in-situ instrumentation and therefore the relative 
proportions and nature of primary and secondary min-
erals  is unconstrained.  As a result, the relative impor-
tance and nature of physical and chemical weathering 
processes in the production of these fines is unknown. 
There are several physical weathering processes that 
may occur on Mars.  Salt weathering could occur on 
Mars; high concentrations of S and Cl detected during 
in-situ measurements of Martian fines are consistent 
with this idea [8, 9].  The abrasion of rock surfaces and 
weathering rinds by windblown dust and ice particles 
likely occurs on Mars.  Impact cratering is another 
Martian physical process.  A dominance of these types 
of processes in Martian weathering would result in 
primary minerals being generally more abundant in the 
Martian fines than secondary ones.  The main studies 
that support the idea that primary minerals are more 
abundant involve remote spectroscopic observations, 
sometimes in combination with in-situ chemical data 
[10-13], and potentially studies of certain terrestrial 
analogs, such as the Antarctic dust being analyzed in 
the current study [14, 15].  For example, recent analy-
sis of Mars Global Surveyor Thermal Emission Spec-
trometer (MGS-TES) spectra of atmospheric dust indi-
cates that it may be partially composed of plagioclase 
feldspar [12].  Also, after examination of corrected 
IRIS Mariner 9 data, [13] proposed that albite is the 
main dust component.  Comparison with the Path-
finder elemental composition for loose soil led those 
authors to suggest a dust composition that involved 
pyroxene, olivine, plagioclase and sulfates.  Very lim-
ited work has been done to date with terrestrial dust 
analog materials produced under cold and arid Martian 
analog weathering conditions [3, 16].   

There are many ideas about chemical weathering 
on Mars.  They can generally be divided into mecha-
nisms that involve different temperature and wa-
ter/rock ratios.  Here, the focus will be on the chemical 
weathering hypotheses that are relevant to comparison 
with Antarctic weathering, i.e. hypotheses that involve 
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chemical weathering under conditions of low tempera-
ture and low water/rock ratios, analogous to the cur-
rent conditions on the surface of Mars.  The major 
relevant chemical weathering mechanism is alteration 
by water vapor and thin liquid water films.  Potential 
products include palagonite, partially weathered sili-
cate minerals, nanophase ferric oxides and oxyhydrox-
ides, clay minerals, and clay-like mineraloids [e.g. 8, 
17-19].  A dominance of chemical weathering proc-
esses on Mars would result in an abundance of chemi-
cal weathering products in the Martian fines.  The 
main studies that support an abundance of chemical 
weathering products are studies of in-situ chemical 
composition data [e.g. 17, 20, 21], studies of certain 
terrestrial analog materials [e.g. 18, 22-24] and remote 
spectroscopic data [e.g. 8, 10].  Palagonitic soils and 
tephras, such as JSC Mars-1, are commonly cited as 
visible/near-infrared (0.3 to 5 µm) spectral analogs to 
Martian bright regions [e.g. 21, 25] but JSC Mars-1 is 
thought to be “a much closer match to the reflectance 
spectrum than to the regolith composition of Mars” 
[22].  Several Martian weathering models [e.g. 8, 26, 
27] support the idea that Martian fines might exhibit a 
“palagonite-like” composition.  Clay minerals are also 
studied as possible Martian surface materials [e.g. 7, 
19] but detection of clay minerals spectroscopically 
has had varied results [e.g. 8, 28].  The presence of 
sulfate and chloride salts is also supported by several 
lines of evidence [e.g. 8, 18, 20, 23]. 

Approach: In this study, have conducted a pre-
liminary characterization of the <63 µm size fraction 
of a soil produced from weathering of the Ferrar 
Dolerite.  The soil was collected from a bedrock pla-
teau of the Ferrar at Lewis Cliff in the Transantarctic 
Mountains of Antarctica (Fig. 1).  The sample site was 
located at high altitude (above 2000 m) in snow-free 
areas of Antarctica where conditions are considerably 
more severe than those seen in the Dry Valleys.  The 
Ferrar consists of two pyroxenes, two feldspars, and 
iron and titanium oxides and shows mineralogical 
similarities to the basaltic Martian meteorites [14].  
Outcrops and hand specimens of the Ferrar are ex-
posed to some of the driest and coldest weathering 
environments on Earth and show characteristic desert 
weathering features observed in images of Mars, such 
as ventifacts, desert varnish, and cavernous weathering 
[14, 16].  JSC-Mars 1, a Hawaiian palagonitic tephra 
and a commonly used terrestrial analog to Martian 
surface materials, was produced in a very different 
environment than the analog under investigation in this 
study [22].   

In order to apply the results of this study to Mars, 
several reasonable assumptions are necessary.  The 
first is that the Antarctic Ferrar Dolerite is an adequate 
analog to Martian materials, as represented by the 

Martian meteorites [14].  The second is that the cold 
and arid Antarctic environment is an analog to recent 
environments on the surface of Mars [14].  Given this 
framework, an analogy can be drawn between proc-
esses that produced the Antarctic dust and Martian 
surface weathering processes.  In the absence of sam-
ples or in-situ mineralogical measurements of Martian 
fines, the results of detailed analyses of these Antarctic 
fines with equipment available in terrestrial laborato-
ries can be used to make inferences about the extent of 
Martian surface weathering and the nature of Martian 
weathering environments (chemical vs. physical 
weathering, low vs. high water/rock ratios, etc.). 

 
Figure 1.  A typical outcrop of the Ferrar Dolerite in 
the Transantarctic Mountains [from 14]. 
 

Very limited work has been done on the soils pro-
duced from the weathering of the Ferrar Dolerite in 
Antarctica.  In [2] and [3], several soil profiles of soil 
derived from the Ferrar are described and some analy-
ses of samples from different depths in the profiles are 
discussed.  The authors determined the particle size 
distribution and chemical composition of samples of 
several different soil horizons within one of their soil 
profiles, and studied the clay fraction of some of these 
samples with x-ray diffraction (XRD) and electron 
microscopy.  The clay fractions (the <2 um size frac-
tion) of soil horizons above 7 cm depth were not ana-
lyzed because the soil horizons closer to the surface 
did not have enough of the clay fraction to perform 
their analyses.  This study is intended to be a detailed 
addition to these previous analyses that will focus on 
characterizing the mineralogy and spectral properties 
of the fine fraction of the surface soil from the per-
spective of investigating the properties of a Mars dust 
analog.  Detailed studies of the Antarctic dust will al-
low several questions to be addressed, such as: What is 
the relative significance of physical and chemical 
weathering products in the dust?  What is the nature of 
the chemical and physical weathering products?  What 
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are the IR spectral properties of the dust and how do 
they compare with IR spectra of Martian dust?  Some 
preliminary progress on addressing these questions has 
been made and the results are discussed below. 

Methods and Preliminary Results:  Preliminary 
work has involved study of the mineralogy and spec-
tral properties of  the <63 µm size fraction of both the 
Antarctic soil and JSC Mars-1 with a JEOL JSM-IC 
845 scanning electron microscope equipped with an 
IXRF energy dispersive spectroscopy system (SEM) 
and with a Nicolet Nexus 670 infrared (IR) spectrome-
ter (spectral range ~5-45 µm) (Fig. 2, 3 & 4).  Details 
of spectrometer setup and calibration are given in [29].  
The preliminary studies allow several initial conclu-
sions to be drawn.  Based on estimates from SEM 
studies, the Antarctic dust appears to be enriched in 
primary minerals (~77% primary minerals) compared 
to the JSC Mars-1 dust (~19% primary minerals).  This 
suggests that significant non-chemically weathered 
minerals may be present in the Martian dust. The IR 
spectra (~5-45 µm) of the <63 µm size fraction of the 
Antarctic and JSC Mars-1 dust show qualitative differ-
ences from each other, with the Antarctic dust showing 
more spectral contrast (Fig. 4).  Also, the Antarctic 
dust IR spectra show qualitative similarities with Mar-
tian dust spectra recovered from Mars Global Surveyor 
Thermal Emission Spectrometer (MGS-TES) spectra, 
while the JSC Mars-1 dust IR spectra do not.  It is im-
portant to note, however, that further spectral studies 
of a smaller size fraction (e.g. <20 µm) are needed to 
make more conclusive comparisons with TES dust 
spectra.  Mineral types obtained by deconvolution of 
Antarctic dust IR spectra are similar to those estimated 
from SEM studies [30].   

 
Figure 3.  Examples of JSC Mars-1 particles observed 
with SEM and corresponding EDS spectra.  All spectra 
have the same vertical scale.  

Figure 4.  IR spectra of <63 µm  Antarctic and JSC 
Mars-1 dust.  Each spectra is an average of 270 scans 
and the spectra are offset by 0.05 for clarity.  The 
measured radiance spectra were converted to emissiv-
ity as outlined in [29].   

 
Future Work:  Future work will fully character-

ize the mineralogy and spectral properties of a smaller 
<20 µm size fraction of the Antarctic dust, which is 
closer to the average size of Martian atmospheric dust.  
Initial studies of the mineralogy, mineral abundances, 
and IR spectral properties of the dust will be carried 
out with SEM, electron microprobe (EMP), XRD and 
IR spectroscopy.  More detailed study of the dust min-
eralogy will be performed with transmission electron 
microscopy (TEM).  As the characterization of the dust 
continues, the results will indicate the nature of the 
Antarctic weathering that produced the dust, allowing 
inferences to be drawn about Martian surface weather-
ing. 

Figure 2.  Examples of Antarctic dust particles ob-
served with SEM and corresponding EDS spectra.  All 
spectra have the same vertical scale.   
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MARS ODYSSEY THEMIS-VIS: SURFACE-ATMOSPHERE SEPARATION AND DERIVATION OF
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I. Richardson5, P. R. Christensen4, 1Dept. of Astronomy, Cornell University, Ithaca, NY 14853 (mccon-
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Introduction:  Scattering by atmospheric aerosols
can contribute a substantial fraction of the visible-light
radiance observed in any remote sensing of Mars.  Our
objective is to develop techniques to separate this aero-
sol component from the surface-reflectance component
in Mars Odyssey’s THEMIS Visible Imaging Subsys-
tem (THEMIS-VIS) dataset.  The primary purpose of
this study is the production of accurate surface reflec-
tance data in order to allow for reliable color and min-
eralogical unit mapping.  The second principal goal is
to study the feasibility of using VIS measurements to
derive quantitative information about ice and dust
aerosol properties such as particle size and optical
depth.

The Mars Odyssey THEMIS investigation is de-
scribed by Christensen et al. [1].  THEMIS has multis-
pectral imaging detectors that operate in the infrared
(THEMIS-IR) between 6.5 and 15 microns, and in the
visible (THEMIS-VIS).  The THEMIS-VIS instru-
ment, and the goals of visible wavelength reflectance
mapping, have been described by Bell et al. [2].  VIS is
1024x1024 interline transfer CCD camera that acquires
high spatial resolution images (18, 36, or 72 meters per
pixel), through five filters with bandpasses centered at
425, 540, 654, 749, and 860 nm, and bandwidths of
~50 nm.

Motivation:  Surface-atmosphere separation is
necessary for the production of reliable surface reflec-
tance measurements.  Furthermore, the radiative trans-
fer modeling needed to accomplish this separation may
yield new information on the properties of the aerosols
themselves.

Surface Reflectance.  Surface reflectance mapping
in the five bandpasses can provide information on the
composition, distribution, and physical properties of
ferric (Fe3+) and ferrous (Fe2+) iron-bearing rocks and
minerals, and of frosts and ices [2].  However, during
dusty conditions (i.e., near perihelion), aerosol scat-
tering can easily contribute a significant fraction of the
radiance at these wavelengths [e.g., 3-5], particularly
over dark surfaces.  Even in relatively clear atmos-
pheric conditions, dust and/or ice aerosols will be a
significant contribution to the 425 nm band radiance.

Radiative transfer modeling and optical depth
measurements spanning one martian year by Clancy et
al. [6] suggest that this contribution is never less than
15% of total radiance at the equator.  Zonal-mean

broadband visible optical depths of the Martian atmos-
phere, as measured by the Mars Global Surveyor
Thermal Emission Spectrometer (MGS-TES) visible
bolometric channel, span a continuum from 0.1 to
more than 1.0 over the course of a Martian year, with
the highest values occurring at equatorial latitudes near
perihelion, and the lowest values occurring in the
southern highlands near aphelion [6].  Thus, in extreme
circumstances, the Martian surface may well be com-
pletely obscured in all five VIS filters.  More gener-
ally, measured radiances will include a highly variable
aerosol scattering component that would lead to appar-
ent surface reflectances that are quantitatively inaccu-
rate and qualitatively inconsistent.  Moreover, these
apparent reflectances would be biased as a function of
elevation, region, and season.  Therefore, in order to
produce a high quality surface reflectance data set, the
aerosol scattering component of the radiance in each
image must be modeled and removed.

Aerosol Properties.  The current nadir-only view-
ing geometry of THEMIS severely limits the number
of parameters that can be retrieved using multiple-
scattering radiative transfer models.  It is likely that for
many VIS observations, surface reflectance will be the
only parameter that can be derived.  However, given
the importance of aerosols in the Martian climate sys-
tem, it is worthwhile to explore the possibility of
placing some constraints on aerosol properties at the
uniquely high spatial resolution provided by THEMIS.

Method:  We perform radiative transfer modeling
using the discrete ordinate multiple-scattering code
DISORT [7].  DISORT is a one-dimensional model
with vertical discretization of atmospheric properties,
and angular and vertical discretization of radiance.
DISORT computes observed radiance as a fraction of
incoming solar radiation, i.e., I/F, for each bandpass.
The inputs to the DISORT model are the normal re-
flectance and phase function of the surface, the solar
azimuth and elevation angles, as well as, for each at-
mospheric layer, the optical depth, single-scattering
albedo, and single-scattering phase function of the
aerosols.

Solving for surface reflectance.  In the simplest
case, we model the observed radiance of each pixel in
a VIS image independently in order to solve for a sin-
gle parameter, the surface normal reflectance.  With
the aerosol properties and optical depths fixed, we it-
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eratively adjust the surface reflectance until the radi-
ance calculated by DISORT for the given THEMIS
viewing geometry matches the observed radiance.  For
this type of modeling exercise the extinction optical
depth in each VIS bandpass is fixed by coincident
THEMIS-IR and/or MGS/TES measurements of dust
and ice opacities using infrared-to-visible scaling fac-
tors derived by Clancy et al. [6].  The single-scatter
phase functions and albedo values are also fixed in
accordance with Clancy et al. [6].  For computational
efficiency in the case of pixel-by-pixel corrections, we
will be using pre-computed “cubes” of radiative trans-
fer models. With carefully determined limits on the
input parameters (e.g., emergence angles need not de-
viate far from nadir viewing), this approach can pro-
vide several orders of magnitude in required CPU time.

Solving for aerosol properties.  Clearly, in order to
directly retrieve aerosol properties from the THEMIS-
VIS data set, we must identify ways to add additional
constraints to our models.  We are (or will soon be)
exploring the following techniques:

1) Extremely high optical depths.  Careful planning
may allow us to observe localized events where the
aerosol optical depths are greater than unity and the
contribution of surface reflectance is small.  In these
cases, the observed radiance is primarily a function of
the single scattering albedo (SSA) allowing us to fit for
SSA directly.

2) Shadow modeling.  Areas not illuminated by di-
rect sunlight are still illuminated by atmosphere-
surface multiple scattering as well as by surface-
surface multiple scattering [e.g., 8].  If the surface re-
flectance is assumed to be the same across shadow
boundaries, then measurements of the radiance differ-
ence across the shadow boundaries should be diagnos-
tic of the atmospheric scatterers.  A full treatment of
this problem requires a three-dimensional radiative
transfer code.  We have begun this work using a
Monte-Carlo algorithm.  However, in the interest of
computational efficiency, we will look for empirical
simplifications/modifications that might allow us to
apply our one-dimensional DISORT model.  By com-
paring the results of such 1D models to the full 3D
cases, we can directly characterize the uncertainties
introduced with any simplifications.

3) Spatially variable aerosols, uniform surface.  If,
by inspecting a THEMIS-VIS image, we can identify
regions where cloud appears to be the main source of
brightness variation in one or more channels, then we
can fit for the optical depth as well as the surface re-
flectance.

4) Repeated Coverage.  We can observe a region of
the surface at two different times, obtaining two differ-
ent radiances.  Ideally, these two observations will b

made at times of with the greatest possible contrast in
aerosol loadings.  If we assume the surface reflectance
is constant with time, and also fix the optical depth of
the first observation, then we can fit for the surface
reflectance as well as the optical depth of the second
observation.

Obtaining aerosol particle size.   If, by one of the
methods described above, we are able to solve for VIS
optical depth in one or more of the five VIS filters,
then we can use the ratio of the THEMIS-VIS optical
depth to the THEMIS-IR opacity as a highly sensitive
indicator of particle size.  If we have a pair of optical
depths, as in techniques 1 and 2, where we have solved
for one by assuming the other, then by comparing the
assumed VIS / IR ratio to the measured value, we
could also identify changes in the particle size distri-
bution.

Data:  Figure 1 is an example of a VIS image to
which several of our proposed aerosol modeling tech-
niques may be applicable.  For example, the brightest
areas in the blue channel are likely water ice cloud.
Since the surface features appear to be completely ob-
scured in many areas of the blue, the optical depth may
approach unity for the 425 nm region of the spectrum.
As another example, the spatial structure of the clouds
may enable us to make the uniform surface, spatially-
variable aerosol assumption.

Figure 2 shows a dramatic example of the way that
shadows are lit up by the Martian atmosphere.  The
boundary of the primary shadow falls more than 10 km
away from the rim of the crater, and the radiance
within the shadowed region is ranges from 60% to
80% of the sunlit radiance.  The importance of atmos-
pherically scattered light is evidenced by the persis-
tence of morphological detail throughout the interior of
the primary shadow.  Interestingly, the sunward-facing
walls of small craters within the primary shadow are
noticeably brighter.  This may be a manifestation of
the forward-scattering halo that both Viking and Path-
finder observed around the Sun [3,9].

References: [1] Christensen, P.R. et al. (1999)
LPSC XXX, Abstract #1470.  [2] Bell III, J.F. e t
al.(2003) LPSC XXXIV, Abstract #1993.  [3] Pollack,
J.B. et al .(1979) JGR, 84,2929.  [4] Ockert-Bell, M.E.
et al.(1997) JGR, 102,9039.  [5] Wolff, M.J. e t
al.(1999) JGR, 104, 9027.  [6] Clancy, R.T. e t
al.(2003) JGR, in press.  [7] Stamnes, K. et al. (1988)
Appl. Opt. 27, 2502.  [8] Ingersoll, A.P. et al. (1992)
Icarus, 100, 40.  [9] Tomasko, M. et al. (1999) JGR,
104, 8987.
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Figure 1:  Clouds near Arsia Mons.  Subframes of THEMIS
image V05872002. The 425, 540, and 750 nm bands are
shown from left to right.  These data are neither map
projected nor mosaicked.  The horizontal lines are the
boundaries between image segments. Each image segment is
~20 km wide and ~3.5 km from top to bottom.  North is
roughly towards the top of the image.

Figure 2:  Shadows within shadows in Noachis Terra.  654
nm band from THEMIS V04270003, map projected with
north at the top.

425 nm           540 nm          749 nm

3.5 km
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Introduction:  The winter season, westerly cir-
cumpolar flow of the Martian atmosphere, and of the
terrestrial stratosphere, is concentrated into a jet whose
latitude falls between 60 and 80 degrees.  This jet is
known as the polar vortex.  The terrestrial polar vortex
has been understood to be the dynamical controlling
mechanism for ozone depletion in the polar strato-
sphere [e.g., 1] for more than a decade.  More recently,
the earth’s stratospheric annular modes, which are es-
sentially a weakening/strengthening oscillation of the
polar vortex jet, have been shown to be coupled to and
possibly even a driving mechanism for, the tropo-
spheric Arctic Oscillation (AO) / North Atlantic Os-
cillation (NAO) phenomenon [2].  The AO / NAO is a

key player in northern temperate zone winter weather
patterns [3] and an increasing bias towards the positive
(stronger polar vortex) phase in the past 30 years has
been shown to be correlated with global warming
trends [4].

The Martian polar vortex is important not only as
an analog to the terrestrial vortex, but as a possible
controlling factor in key Mars climate processes.  For
example, just as the terrestrial polar vortex chemically
isolates the polar stratosphere, the Martian polar vortex
may act as a barrier to the transport of dust and ice
aerosols towards the winter pole, thus influencing the
water cycle and affecting the composition of the sea-
sonal polar cap.

Figure 1: Potential vorticity on an isentropic surface versus latitude and time for MGS mapping years 1 (top) and 2 (bottom).
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Method:  We study the polar vortex structure both
in the zonal mean sense (e.g., Figure 1) and in a lon-
gitudinally resolved sense (e.g., Figure 2).  In order to
do so, we use two types of data structures.  In both
cases, we vertically sample the temperature field uni-
formly in log-pressure coordinates at one-half scale
height intervals. For the zonal mean, we bin the tem-
peratures in one-degree bins of Ls and in one-degree
bins of latitude.  For the results presented here, the
zonal mean temperatures have been smoothed in Ls

with a 7-degree boxcar average.  For the longitudinally
resolved case, we generate a uniform, four-
dimensional grid, in longitude, latitude, log-pressure,
and time coordinates.  The results presented here have
a sampling interval of one degree in latitude, 10 de-
grees in longitude, and one sol in time.  Once our 4-D
and zonal-mean data structures are in hand we generate
derived quantities such as the geopotential height, the
horizontal wind field, and Ertel potential vorticity.  For
analysis, we usually chose to interpolate these quanti-
ties onto an isentropic vertical coordinate system.

Our temperature data come from the Mars Global
Surveyor Thermal Emission Spectrometer (MGS-TES)
temperature retrievals [5].  To date we have considered
only nadir-pointed retrievals.  We have also incorpo-
rated the MGS-TES column-integrated dust and ice
aerosol retrievals [6,7] into our longitudinally resolved
data structure.  MGS is in a 2pm / 2am sun-
synchronous polar orbit.  MGS ground tracks are sepa-
rate by approximately 30 degrees in longitude and 2
hours in time at a given latitude.  To date we have con-
sidered only the daytime temperature data.

Our gridding procedure smoothes and resamples
data points along the ground track, and then performs a
bilinear interpolation in longitude and time.  We then
vertically integrate the temperature field to derive geo-
potential height.  The temperature and geopotential
height data are then gaussian smoothed to further re-
duce noise in the data set prior to calculating other de-
rived quantities.  The results presented here use gaus-
sians with 50 degrees full-width-half-maximum
(FWHM) in longitude and 5 degrees FWHM in lati-
tude.  We derive our horizontal wind field using the
“balance winds” method suggested by Randel [8].  The
“balance winds” method converges iteratively to a
wind solution using the full horizontal momentum bal-
ance equations, neglecting only the vertical wind com-
ponent and the Eulerian time derivatives.  It is then
straightforward to calculate Ertel potential vorticity
from the wind field.

Results:.  Figures 1 and 2 show Ertel potential
vorticity on isentropic (i.e., constant potential tem-
perature, q) surfaces in the zonal mean and in a longi-
tudinally resolved time series, respectively.  For adia-

Figure 2: Time series of Ertel potential vorticity on an
isentropic surface
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batic flow, potential vorticity and entropy are both
conserved following the motion.  Therefore, to the ex-
tent that diabatic processes are negligible, and to
within the accuracy of our wind solution, the potential
vorticity contours on maps such as Figure 2 are
streamlines.

In Figure 1, the bottom panel shows the year of the
global dust storm.  We can see that the zone of high
potential vorticity that characterizes the polar vortex is,
in the global-dust-storm year, displaced northwards
and intensified in the early winter as compared to the
same season of the preceding year.

Figure 2 shows a time series of the most striking
polar vortex event in the first (global-dust-storm-free)
mapping year.  The normally annular zone of high PV
is broken into a spiral shape for a period of approxi-
mately three days.  This event corresponds with the

early winter onset of regional dust storm activity.
The high-potential-vorticity (PV) zone of the polar

vortex is normally annular in shape.  The global dust
storm period in Figure 1 is an apparent exception to
this, with PV possibly increasing monotonically all of
the way to the pole during the early winter of the dust
storm year.  The terrestrial polar vortex never shows an
annular PV field, and normally PV increases mono-
tonically towards the pole [e.g., 9].

Figure 3 presents a different approach to analysis
of the MGS-TES dataset for polar vortex properties.  It
shows the first four principal components of the tem-
perature field at a single pressure level during the
northern winter of the first mapping year.  Principal
component 1 is primarily the linear time trend in polar
temperatures.  Principal components 2 and 3 represent
a combination of stationary and traveling zonal wave-

Figure 1: Principal Components of temperature variability on a pressure surface for mid-winter in the northern hemi-
sphere of Mars
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number 1 planetary waves, consistent with the fourier
analysis of Banfield et al. [10].  Principal component 4
is an annular mode which may be analogous to the
annular modes of the terrestrial stratosphere and/or the
terrestrial Arctic Oscillation / North Atlantic Oscillla-
tion (AO / NAO).

References:  [1] Schoeberl M. R. and Hartmann D.
L. (1991) Science, 251, 46.  [2] Baldwin M. P. and
Dunkerton J. D. (2001) Science, 294, 581.
[3] Thompson D. W. J. and Wallace J. M. (2000) J.
Climate, 15, 1000.  [4] Thompson D. W. J. et. al.
(2000) J. Climate, 15, 1018.  [5] Conrath B J. et. al.
(2000) JGR, 105, E4 9,509,  [6] Smith, M. D. et. al.
(2000) JGR, 105, E4 9,539.  [7] Pearl, J. C. et al.
(2001) JGR, 106I, 12,325,  [8] Randel, W. J. (1987) J.
Atmos. Sci., 441, 3097,  [9]  Nash, R. N., et. al. (1996)
JGR, 101 , D5 9,471.  [10] Banfield D. B. et. al. (2003)
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SECONDARY CRATERING ON MARS: IMPLICATIONS FOR AGE DATING AND SURFACE
PROPERTIES.  A.S. McEwen1. 1LPL, University of Arizona, Tucson, AZ 85721.

Introduction: Are small (< 1 km diameter) craters
on Mars dominated by primary impacts or by the sec-
ondary impacts of much larger primary craters?  Many
craters are obvious secondaries, closely associated with
the primary crater and with distinctive morphologies
such as irregular shapes and occurrence in chains and
clusters with herringbone patterns.  However, there has
been a longstanding controversy about the relative
abundances of small primaries versus distant seconda-
ries on the Moon.  Distant secondaries are expected to
be more circular and isolated (except when concen-
trated in rays) than the obvious secondaries, difficult to
distinguish from degraded (shallow) primaries.

The answer to this question has implications for age
constraints on young surfaces and implied climate
change, the physical properties of impact-generated
regolith, provenance of surface rocks accessible to sur-
face exploration or sample return, engineering consid-
erations (landing safety and rover trafficability), and
the origin of Martian meteorites.

Background. The size-frequency distribution
(SFD) of craters are commonly described by a power
law of the form N(D) = kD-b, where N is the incre-
mental number of craters in a logarithmic diameter
interval, D is crater diameter, k is a constant depending
on crater density, and b is a power-law exponent.  Pri-
mary craters on the Moon and Mars with diameters
from about 1 to 100 km have b ~2, whereas secondary
craters have a “steeper” SFD with b ~4.  The SFD of
the lunar maria and other plains, excluding obvious
secondaries, show a steeper slope for craters smaller
than ~1 km, which Shoemaker (1965) [ref. 1] inter-
preted as the crossover point from the two distribu-
tions: primaries dominate for craters larger than ~1 km
and distant (or “background”) secondaries dominate at
smaller sizes.   Shoemaker noted that this crossover
diameter should vary as a function of proximity to cra-
ter rays.   Away from known crater rays, Shoemaker
estimated that distant secondaries dominate at crater
diameters smaller than ~200 m.

Shoemaker’s interpretation was accepted by many
workers [e.g., Wilhelms et al. 1978, ref. 2] and applied
to Mars [Soderblom et al. 1974, ref. 3], whereas others
believed that small circular craters are chiefly primary
[e.g., Neukum et al. 1975, ref. 4].   There has not been
any convincing way to distinguish small primaries
from background secondaries on the Moon.  The ob-
servation of a steep SFD (b ~4) for small craters (0.1 to
1 km) on Gaspra, where secondaries must be extremely
rare, has been considered conclusive evidence for a
steep primary SFD for small craters (Neukum and
Ivanov 1994 [5], Chapman et al. 1996 [6]).   The small
craters on Gaspra may be produced by impact ejecta

from other asteroids, but still constitutes part of what is
considered the primary flux onto the Moon or Mars.

Many workers are now convinced that small craters
on the terrestrial planets are dominated by primaries;
secondaries are not even mentioned in recent review
papers [e.g., 7, 8].  However, a steep (b ~4) SFD for
both secondaries and small primaries does not auto-
matically mean that primaries dominate.  There has
been no convincing refutation of Shoemaker's 1965
arguments about expected abundances of secondary
craters, including background secondaries.

Recent Results. Several recent results bolster the
case made by Shoemaker that very large numbers of
secondary craters are possible:

1. Delivery of Martian Meteorites. The discovery
of Martian meteorites requires the existence of many
distant secondary craters on Mars. Head et al. [2002,
ref. 9] estimated that the probability of finding on Earth
a rock ejected from Mars is 10-6 to 10-7, so an impact
event delivering a discovered meteorite to Earth must
eject at least 106 rocks larger than 3 cm diameter at
greater than Mars escape velocity (5 km/s).  Their hy-
drocode modeling indicates that a 150-m impactor
(producing a 3-km diameter crater) into basaltic plains
with negligible regolith will eject >107 fragments larger
than 3 cm.   Many more and larger fragments must fall
back onto Mars.  An event producing a 7 km diameter
crater in basaltic lavas on Mars will (in the hydrocode
models) produce > 106 secondary craters larger than 10
m diameter from fragments ejected from 4 to 5 km/s [J.
N. Head, personal communication, 2003]. Such high-
velocity fragments can land anywhere on Mars [cf.. 10]
and will not be concentrated in identifiable rays.

2. Cratering of Europa. Bierhaus et al. [2001, ref.
11] studied secondary craters produced by the 25-km
diameter crater Pwyll on Europa, which has bright rays
extending for over 1000 km.  Their results (-4.2 power-
law exponent) and a largest secondary crater of 1.25
km diameter (5% of primary; Melosh 1989 [12]) sug-
gests that Pwyll produced ~106 secondary craters larger
than 50 m diameter.   They counted a total of over
29,500 craters on 95 images with resolutions better
than 100 m/pixel (covering just 0.01% of Europa), and
argue that the majority of small craters on Europa are
secondaries based on cluster analyses.  The young age
of Europa's surface, sparse primary cratering, and per-
haps a relative paucity of small cometary bodies, to-
gether make the surface a "clean slate" for identifica-
tion of secondary crater characteristics, unlike the bat-
tered lunar surface.   Mars also has some very young
surfaces and much better imaging data is available.
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3. Discovery of a Large Rayed Crater on Mars.
McEwen et al. [2003, ref. 13] reported the discovery of
a 10-km diameter crater in the young volcanic plains of
Cerberus (SE Elysium Planitia) with rays of secondary
craters (apparent in THEMIS IR mosaics) extending
more than 800 km from the primary crater.  The rays
are associated with ~105 to 107 secondary craters rang-
ing from 15 to 100 m in diameter.  About 75% of the
craters superimposed over Athabasca Valles originated
from this single impact event. This may be the young-
est crater on Mars of this size class, perhaps < 106 yrs
old [14]. Mars meteorite EET79001 (basaltic glass) has
an ejection age of less than 1 Ma and could have origi-
nated from this crater, but more rocks from this crater
should arrive at Earth over the next 20 Ma [9].

The small (15-100 m) bright-rayed craters in the
Cerberus region (Fig. 1) had been puzzling.  They ap-
pear very fresh and well-preserved, with bright ejecta
and fine rays extending up to distances of ~10 crater
diameters.   They are strongly clustered both locally
and globally (most are in the Cerberus region).  The
crater rims are generally circular, but those imaged at
the highest resolution appear more angular and unusu-
ally shallow (compared with primary craters).  Some of
them consist of very tight clusters of craters.  They
range in size from the limits of MOC resolution (~10 m
diameter) up to ~100 m; a few are slightly larger.

THEMIS IR images (day and night) have revealed
exquisite detail in well-preserved impact craters [15].
There are strong variations in thermal inertia (TI) and
albedo, apparent from early morning and late afternoon
temperatures and visible images.  The fresh craters
typically have 3 facies: (1) very high-TI, low-albedo
crater rims and interiors; (2) moderate-/high-TI and
moderate-albedo continuous ejecta, and (3) low-TI and
high-albedo outer ejecta and fine rays.   The high-TI,
low-albedo material is rocky, as expected from lunar
and terrestrial craters.  The low-TI ejecta facies appears
unique to Mars.   The TI and albedo of this material is
similar to that of the ubiquitous Martian dust, but the
fine ejecta may be lightly sintered or cemented.    A
possible origin for the outer facies is atmospheric win-
nowing of fine particles from the expanding ejecta
curtain, producing a turbulent cloud that collapses to
produce radially-directed density currents.  This idea
was proposed by Schultz and Gault [1979, ref. 16] to
explain large fluidized ejecta blankets, but might better
apply to the dusty outer ejecta facies described here.
This fine outer facies must be easily eroded by eolian
processes, so it is likely to be present only on very
young craters, and is likely to disappear more rapidly
from small craters than from larger craters.

Daytime and nighttime THEMIS mosaics of the
Athabasca Valles region were acquired and assembled
to support the study of this region as a candidate land-
ing site for MER [17].  The nighttime mosaic revealed
roughly east-west trending streaks of cold material su-
perimposed over diverse terrains (Fig. 2).  Small bright

(warm) spots could be resolved in some cold streaks.
Comparison to MOC images revealed a 1:1 correspon-
dence between these streaks and the small bright-ejecta
craters.   These are like crater rays composed of clus-
ters and streaks of secondary craters, much like those
observed by Ranger imaging of rays from Tycho and
described by Shoemaker [1].

A larger-scale nighttime IR mosaic of the Cerberus
region was assembled and showed a regional pattern to
the cold streaks: they radiate from a position ~400 km
southeast of Athabasca Valles.  THEMIS daytime IR
images revealed a fresh 10-km crater at this central
location (7.7° N, 166° E), surrounded by swarms, ra-
dial streaks, and clusters of secondary craters.  A
THEMIS visible image at 18 m/pixel shows this pri-
mary crater to be pristine, with no superimposed cra-
ters; it includes flow ejecta.

Unlike typical secondary crater fields [1, 12], this
crater does not have obvious chains of irregular secon-
dary craters within a few crater diameters of the rim.
The great majority of the resolved craters formed from
blocks thrown 10 to 80 crater diameters, impacting
with velocities sufficient to produce at least crudely
circular craters.  Nevertheless there is a strong radial
pattern pointing to this crater as the source.  The sec-
ondary craters extend in all directions from the pri-
mary, although they are more difficult to detect to the
northwest and west of the primary where the dust man-
tle may be thicker and/or eolian processes appear to be
redistributing the fine ejecta.   The rays are roughly
symmetric, not a pattern suggesting a highly oblique
impact.

From crater classifications we concluded that ~70%
to 80% of the craters superimposed over the young
lavas and fluvial deposits on the floors of the Atha-
basca Valles are secondaries from this single impact
event [13].  From crater counts over these and other
images in the Cerberus region we conclude that there
are at least 105 and probably no more than 107 secon-
dary craters from 30-100 m diameter produced by this
event.   There may be many more craters smaller than
30 m diameter, not all identifiable at typical MOC
resolutions (~6 m/pixel) and lighting angles (about 60°
above the horizon at equatorial latitudes).

A global search of the THEMIS and MOC data has
revealed other primary craters that may have produced
large numbers of distant secondaries, but none with
preservation of the fine outer ejecta facies.  This result
suggests that the Cerberus crater is the youngest crater
≥10 km diameter at least in the equatorial half of the
Martian surface.  Polar processes may more rapidly
eliminate or hide the outer ejecta facies.

Morphology of Small craters on Mars.  Many
small craters with sharp rims on Mars have very differ-
ent morphologies than small craters on the Moon, ex-
cept in lunar rays of Copernican age.  The typical crater
seen in NA-MOC images is shallower and less circular
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than fresh lunar craters, and similar to the morpholo-
gies of very recent secondary craters in the Cerberus
region. For example, see Malin and Edgett [2001, ref.
18] for images of the Pathfinder landing region in Ares
Valles (their Fig. 7) and part of Tiu Valles (Fig. 8).
The surfaces appear saturated with small craters, but
only Big Crater (~1.5 km diameter) has a bowl shape
like a fresh primary crater on the lunar mare.  All oth-
ers appear to have much smaller depth/diameter ratios.
There is no obvious correlation between crater depth
and presence of eolian bedforms (e.g. Figure 6 of Ma-
lin and Edgett); if they are shallow due to eolian fill,
then there must have been a very recent filling event
because few or no bowl-shaped craters have subse-
quently formed.

If all of the small craters in the Ares and Tiu re-
gions are primaries, then this region must have experi-
enced impact "gardening" to depths of 3-14 m [Hart-
mann et al. 2001, ref. 19].  The presence of a regolith
several meters thick is not consistent with the Path-
finder team’s interpretations that the surface appears
very similar to what would have been expected soon
after catastrophic floods ~2 to 3.5 b.y. ago [20, 21].   In
particular, a series of troughs and ridges of 1-2 m am-
plitude, visible throughout the Pathfinder scene, have
been interpreted as ancient flood features [22] or as
younger transverse dunes [23].   MOC images show
that they are confined to channel floors and interrupted
by the larger craters, supporting the fluvial interpreta-
tion [18].  However, ancient 1-2 m high features could
not be preserved if the surface has been uniformly gar-
dened to depths of 3-14 m.

An alternative explanation is that the craters seen in
these regions are largely secondary craters.  The shal-
low morphology would be the original form of these
low-velocity (<5 km/s) impacts, and many of them
could have formed simultaneously.  Impact gardening
still must have occurred, but to shallower depths and
with less uniformity, perhaps allowing preservation of
2-3.5 b.y. old meter-scale fluvial features in many ar-
eas.   However, it is very difficult to understand how
imbricated boulders seen by Pathfinder could have re-
mained in place since the catastrophic flooding [21].
The surface rocks seen here and at VL1 are most likely
the result of much more recent impacts, regardless of
whether the impacts were primaries or secondaries.  In
addition, deflation around the Pathfinder rocks must
date back to the cratering that emplaced the rocks
rather than the flooding, so the extremely slow erosion
rate estimates from the VL1 and Pathfinder sites [24,
25] may be orders of magnitude too low.

Crater Age Dating of Young Surfaces:  Hartmann
and Neukum [7] have each published model isochrons
for Mars; the two models are nearly identical for cra-
ters smaller than 1 km diameter.  Several studies [e.g.,
26, 27] have compared crater counts to these models,
concluding that some lava flows and flood channels

have very young ages, probably less than 10 Ma.  Fur-
thermore, the absence of any craters superimposed on
morphologies such as high-latitude gullies and flow
lobes suggest ages of less than ~5 Ma, according to the
Hartmann or Neukum isochrons.  These results have
garnered much attention because they indicate that flu-
vial and volcanic activity and climate change are on-
going, but the age constraints must be reconsidered if
the abundance of secondary craters is greater than or
comparable to that of small primaries.

If the Hartmann/Neukum isochrons are still valid
for the production function, then secondaries from the
Cerberus crater could be eliminated from counts in this
region.  The result would be to reduce the model age of
the floor of Athabasca Valles from ~4 Ma [26] to ~1
Ma or less.  However, secondaries must have contrib-
uted to the Hartmann and Neukum functions, to an un-
known degree.  If secondary cratering were uniform in
space and time, then the isochrons would remain valid
for age estimates.  But secondary craters are highly
clustered spatially and temporally.

What are the uncertainties in these estimates due to
the nonuniformities of secondary cratering in space and
time?  The Cerberus plains include extensive individual
lava flows (large areas at a constant age) that we have
mapped from MOLA shaded relief images [28].  MOC
image M13-01528 crosses both heavily and lightly
cratered regions on one well-defined lava flow; crater
densities differ by a factor of 17 over areas with sig-
nificant numbers of craters (>100) and give model ages
ranging from ~200 Ma to ~10 Ma.  We conclude from
this simple test that the age uncertainty here is at least a
factor of 20, independent of counting statistics. Thus,
the maximum age for areas free of craters in MOC im-
ages (e.g., gullies) may be ~100 Ma rather than ~5 Ma.
Conversely, surfaces with many small craters could be
younger than a few Ma (or <1 Ma in the Cerberus re-
gion).
     But it gets worse for crater counters.  If Head et al.
[9] have the right explanation for the age variations of
Martian meteorites, then impacts into young lava plains
with little regolith must produce many more distant
secondary craters than impacts into older regolith-
mantled terrains.   Hence the secondary cratering rate
in the southern highlands must be less than that in the
northern plains.   We may need different isochrons for
different regions of Mars if secondaries are significant
to the statistics.

Future Studies.   Much can be accomplished with
MGS and Odyssey data to better understand the issues
discussed here.  Full-resolution MOC images can be
used to better constrain the SFD of the Cerberus sec-
ondaries, and MOC and THEMIS data can be used to
identify and map out other secondary crater fields.
Perhaps the greatest future need is for meter-scale to-
pographic data such as that expected from HiRISE [29]
to better distinguish primaries from secondaries and to
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constrain regolith thicknesses.  One of the Mars Explo-
ration Rovers is expected to land in Gusev crater,
which contains a few small bright-rayed craters that are
probably distant isolated secondaries from the Cerberus
crater, so we could get a close-up look at a fresh sec-
ondary crater on Mars.
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Figure 2 (right).  THEMIS nighttime mosaic
showing dark (cold, low thermal inertia) streaks with
interior bright spots.  These are rays if secondary cra-
ters like those in Figure 1.   (Image ~50 km wide.)

Figure 1 (below).  Part of MOC image M2-00581 in
Athabasca Valles, showing part of a ray composed of
secondary craters.   Scene is 3 km wide.
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Introduction: The Mars Reconnaissance Orbiter
(MRO) is expected to launch in August 2005, arrive at
Mars in March 2006, and begin the primary science
phase in November 2006.  MRO will carry a suite of
remote-sensing instruments and is designed to rou-
tinely point off-nadir to precisely target locations on
Mars for high-resolution observations.  The mission
will have a much higher data return than any previous
planetary mission, with 34 Tb of returned data ex-
pected in the first Mars year in the mapping orbit.   The
mapping orbit is nearly polar, 255 x 320 km above the
surface, 12 orbits per day.

The HiRISE camera, described by Delamere et al. [1],
features a 0.5 m telescope, 12 m focal length, and 14
CCDs.  Basic capabilities are summarized in Table 1.

Table 1. HiRISE Capabilities
Ground Sampling Dimen-
sion (GSD)

30 cm/pixel (at 300 km
altitude)

Swath width (Red band-
pass)

6 km (at 300 km altitude)

3-Color swath width 1.2 km (at 300 km)
Maximum image size 20,000 x 65,000 pixels
Signal:Noise Ratio (SNR) >100:1
Color Bandpasses Red: 550-850 nm

Blue-Green: 400-600 nm
NIR: 800-1000 nm

Stereo topographic preci-
sion

~20 cm vertical precision
over ~1.5 m2 areas

Pixel binning None, 2x2, 3x3, 4x4, 8x8,
16x16; each CCD sepa-
rately commanded.

Compression Fast  and Efficient
Lossless Image Compres-
sion System (FELICS)

HiRISE operations and data processing are described
by Eliason et al. [2].  We are encouraging input from
the science community on finding the best locations to
target HiRISE images.  Ideally each target would result
from a mini research effort with analysis of MOC,
THEMIS, MOLA, and other datasets as they become
available (MER, Mars Express, and especially from
MRO).   In spite of MRO’s relatively high data rate,
the very high resolution of HiRISE severely limits the
areal coverage of Mars that we can achieve.  We ex-

pect to cover ~1% of Mars at better than 1.2 m/pixel,
~0.1% at 0.3 m/pixel, ~0.1% in 3 colors, and ~0.05%
in stereo.   Our major challenge is to find the key con-
tacts, exposures, and type morphologies to observe.

We expect to acquire ~10,000 observations in the pri-
mary science phase (~1 Mars year), including ~2,000
images for 1,000 stereo targets.  Each observation will
be accompanied by a ~6 m/pixel image over a 30 x 45
km region acquired by MRO’s context imager, built
and operated by Malin Space Science Systems.  Many
HiRISE images will be full resolution in the center
portion of the swath width and binned (typically 4x4)
on the sides.   This provides two levels of context, so
we step out from 0.3 m/pixel to 1.2 m/pixel to 6
m/pixel (at 300 km altitude).

The HiRISE team is highly motivated to maximize the
absolute science return from this experiment.  We plan
to (1) collect the best possible dataset; (2) process and
analyze the data and publish results in a timely man-
ner; (3) release all data ASAP to the science commu-
nity and public; (4) acquire and analyze observations
to support future Mars exploration; (5) foster the de-
velopment of young scientists; and (6) encourage fu-
ture scientists and public support for science via Edu-
cational and Public Outreach (E/PO).  For more on
HiRISE E/PO plans, see Gulick et al. [3].

The purpose of this abstract is to discuss key issues in
understanding Mars for which we think HiRISE can
make a significant contribution.

Science Objectives and Capabilities.   The high-level
science objectives of MRO are to (1) characterize the
current climate and mechanisms of climate change, (2)
determine the nature of complex layered terrain, (3)
identify water-related landforms, (4) search for sites
showing evidence for aqueous and/or hydrothermal
activity, and (5) identify and characterize sites with the
highest potential for landed science and sample return
by future missions.  Given these objectives, the key
HiRISE capabilities in order of priority are:

(1) Achieve the best possible spatial resolution and
detection of surface features.  With a ground sam-
pling dimension between 25 and 32 cm/pixel
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along with a narrow point-spread function (PSF)
and high signal to noise ratio (SNR) we can detect
most 1-meter-scale objects and begin to charac-
terize objects or landforms with dimensions of 2
meters.   The HiRISE PSF will be less than 2 pix-
els wide at half max when spacecraft jitter is neg-
ligible.

(2) Achieve high-resolution topographic data from
stereo images and Digital Elevation Models
(DEMs).  We expect to achieve a vertical preci-
sion of ~0.2 m over areas of ~5 x 5 pixels  (~1.5
m).   In some cases photoclinometry can be used
to sharpen this topographic mapping to the pixel
scale [4].

(3) Acquire observations in up to 3 colors with high
radiometric fidelity, for photometric studies such
as identification of color/albedo units and photo-
clinometry.  HiRISE color images should be espe-
cially useful for coanalysis with spectral image
cubes acquired by MRO’s vis-IR spectrometer
CRISM [5].  HiRISE color images at sub-meter
scales, correlated to mineralogic signatures of in-
terest in the search for life, may enable identifica-
tion from orbit of specific outcrops of interest for
in situ analysis or sample return.

To achieve the highest spatial resolution and precision
stereo, the layout of CCDs was carefully designed to
enable us to derive 2 types of information: (1) rates of
spacecraft jitter during the HiRISE integration time (up
to ~12 ms) and how it broadens the PSF in the down-
track and crosstrack directions, and (2) geometric dis-
tortions introduced by spacecraft pointing instabilities
over timescales longer than 12 ms. This information
will enable (1) PSF deconvolution to sharpen the im-
ages (and make the resolution more uniform as a func-
tion of time, i.e. down an image); and (2) geometric
reconstruction to subpixel accuracies to enable preci-
sion stereo.   The lack of useful information for geo-
metric correction of MOC images is the major limita-
tion in their usefulness for quantitative topographic
measurements [4].

Landing Site Safety and Trafficability.  A prime
objective of HiRISE is to identify potential hazards to
landed missions.  The size and shape of boulders and
other topographic obstacles considered dangerous var-
ies from mission to mission, but, for example, 0.5-
meter high boulders were considered potentially fatal
to the 2001 lander (which may yet rise from the ashes
as the Mars Scout mission called Phoenix [6]).
HiRISE can detect meter-scale objects and measure
their heights. Furthermore, the hazard may depend on
rock angularity; at least 5 or 10 pixels across an object

is needed to characterize its shape, so HiRISE can
characterize the shape of rocks larger than ~2 or 3 me-
ters.

MOC is able to detect giant boulders or detached
chunks of bedrock larger than ~5 m diameter, but
boulder counts are probably incomplete for objects
smaller than ~10 m.  Such large objects only occur in
limited geologic settings such as near the base of steep
slopes that are less than a few km high or near the rims
of impact craters. For MER landing site studies it has
been necessary to rely on extrapolations based on ob-
served giant boulders using the size-frequency distri-
bution of boulders at previous Mars landing sites and
at Earth analog terrains, along with estimates of rock
abundance from thermal models [7].  The thermal re-
mote sensing cannot distinguish cobbles from boulders
or recognize boulders whose tops are covered by more
than a few cm of fine materials.

Rover trafficability is a function of slopes on scales
larger than the rover and roughness on scales compa-
rable in size to the wheels.   HiRISE can reveal slopes
and roughness to 1-meter scales; estimation of rough-
nesses on smaller scales is at least a smaller extrapola-
tion than is currently required. Surface slopes over 5-
10 m scales are also important to both roving and
lander safety, for which HiRISE DEMs will be more
than adequate.

HiRISE will of course image past landing sites in-
cluding those from Viking, Pathfinder, Beagle 2, and
MER.  These detailed orbital views may resolve mys-
teries and lead to reconsideration of previous interpre-
tations.  These comparisons will provide essential
ground truth to HiRISE interpretations.

Mars Science Issues.  Many fundamental questions
about Mars remain controversial.  These are exciting
times, with a diversity of paradigms churning in the
wind and water.  The value of high-resolution imaging
to addressing these issues (and raising new controver-
sies) has been well demonstrated by MOC [8].

Table 2:  MOC-HiRISE Comparisons
MOC HiRISE

GSD 1.5 m/pixel 0.3 m/pixel
Swath width 3 km 6 km
Typical SNR 50:1 150:1
Colors 1 3
Local Mean Solar Time 2 PM 3 PM
Context imaging 200 m/pixel 6 m/pixel
Stereo vertical precision ? 0.2 m
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HiRISE is intended to enable advances well beyond
MOC results via significant improvements in several
attributes (Table 2).   Below we discuss a sample of the
science issues of importance to future Mars exploration
with an emphasis on astrobiology.

When and where have there been long-lived bodies
of water on Mars?   There is convincing evidence (to
most Mars scientists) that water carved the outflow
channels and valley networks, and must have ponded
in closed basins.  However, it is less certain that bodies
of water persisted at the surface for significant lengths
of time, creating environments favorable to life.    Key
to this debate is the origin of relatively fine layers seen
in many locations [9].   Leading interpretations include
lake sediments or windblown or airfall materials.  Ei-
ther interpretation implies fine particle sizes, far below
HiRISE resolution, but perhaps HiRISE could resolve
sedimentary structures like giant cross-bedding.
HiRISE will provide many new details on these strata,
but it may not provide “imaging at definitive scales” in
this case.  Sedimentological interpretations are often
controversial even when the sediments have been
studied in great detail in the field (by more than 1 re-
search group).  CRISM compositional data in combi-
nation with HiRISE might lead to more convincing
interpretations, at least to the level of whether or not a
long-lived body of water was likely.

Another key issue is when the fine layers were em-
placed, with estimates ranging from Noachian [9] to
Amazonian [10].  Details of how the material is eroded
or on the abundance of embedded craters should help,
but controversy may persist until sample return or in
situ age dating is achieved.

How recently did the mid-latitude gullies form?
Malin and Edgett [11] proposed that the gullies are
young (probably less than 106 yrs) because there are
usually no superimposed impact craters and because
gully materials are superimposed over dunes and poly-
gonally-patterned ground, which are young features on
Earth (103 to 104 yrs).  This leaves open the possibility
that gullies are forming today, and that liquid water
may exist very near the surface, a possibility of great
significance to astrobiology.   HiRISE can search for
changes in the surface topography (compared with
previous MOC or HiRISE images) that would indicate
current activity of gullies.  Evidence for current for-
mation of dunes or patterned ground would also help
address this issue.

Hydrology: How much water was released?   The
outflow channels clearly had enormous peak discharge
rates (Q), but estimates of Q differ by orders of mag-
nitude.  One key morphology that helped to constrain
the hydrology of the Channeled Scablands floods was
the occurrence and properties of subaqueous dunes
(also called “giant current ripples”) [12].  Some excel-
lent candidates for subaqueous dunes have been identi-
fied in Athabasca Valles [13], but it is not yet possible
to prove that these are not eolian dunes.  If HiRISE
detects boulders in the dunes, then we will know that
the transport medium was water, not air.   MOC has
detected very few boulders in Martian channels [8], but
that may be a resolution limit and HiRISE could detect
many boulder deposits.  Slowly-cooled lava flows tend
to quickly disaggregate along joints into ~1- or 2-meter
sized blocks [14].  If there are larger boulders, HiRISE
will enable some characterization of the degree of
rounding, which is related to transport distance.
HiRISE color images could enable tracing boulders
back to their source regions.  In addition to studying
boulders, HiRISE topographic data will enable detailed
hydraulic modeling.

What is the polar CO2 inventory?  The “swiss
cheese” terrain on the residual south polar ice cap has
been observed to retreat 1 to 3 meters in 1 Mars year,
apparently via sublimation of CO2 ice [15].  Continued
monitoring of these changes and high-resolution to-
pographic measurements will enable us to better quan-
tify rates of CO2 loss and the total CO2 inventory
available to facilitate periodic climate change.

Can we trust small craters for age constraints?
Planetary geologists are desperate for constraints on
the relative and absolute ages of geologic units and
their rates of modification.   Geologic history is a
chronicle of past events; history without dates is like
music without sounds.  All of the questions discussed
in this abstract are affected by this issue.  Our only
remote-sensing tools are superposition relations, time-
dependent surface processes like the disappearance of
crater rays, and counts of impact craters.  Crater counts
have been widely used and with great success for large
craters, but for features covering small areas or for
young surfaces, only small craters are present.  Via
counts of small craters it has been concluded that there
was large-scale volcanism and flooding in the Cerberus
region in the very recent past (<10 Ma) [13, 16].

However, there are several major problems with the
statistics of small craters: (1) primary craters may be
confused with secondary craters; (2) small craters are
easily erased or buried, for example by eolian proc-
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esses; (3) small craters may have endogenic origins,
and (4) the atmosphere must screen out small bodies
and affect the crater distribution below some diameter
cutoff.   Small craters (< 1 km diameter) on Mars may
be dominated by secondaries [17], which are highly
nonuniform in space and time and cannot be treated as
independent random events.  The uncratered gullies
and flow lobes could be as old as 100 Ma if most small
craters are secondaries.

The improved spatial resolution and topographic capa-
bility of HiRISE will help address these issues via
better discrimination between primaries and seconda-
ries, improved understanding of eolian processes, and
improved ability to discriminate between impact and
endogenic craters.  Extending crater counts to smaller
diameters may also reveal clear evidence for atmos-
pheric screening of small bodies, perhaps varying with
altitude or time (e.g., climate change).

When and where did volcano-water interaction oc-
cur?   Mars is fundamentally a volcanic planet.   Re-
mote spectroscopic data, in-situ chemical data from
landers, and the Mars meteorites all point to predomi-
nantly basaltic compositions.  Altered mineralogies
(i.e. palagonitic spectra) suggest significant water-lava
interaction, but when and where did this occur?
HiRISE should make major contributions via images
and topography of key morphologies such as rootless
cones, and via color images that show precisely where
the altered units reside, such as particular layers in
Valles Marineris and elsewhere.

Were there vast ice sheets?   Kargel and Strom [18]
first proposed that thick, continent-sized ice sheets
were present over the polar regions of Mars.  If correct,
this hypothesis has major implications for paleocli-
mates.  Glacial moraines are characterized by poorly-
sorted mixtures of particle sizes up to large boulders,
so HiRISE should see clear evidence for this type of
deposit.  There is a rich suite of other meter-scale mor-
phologies associated with glaciers, so HiRISE should
have much to contribute to this important debate.

What was the origin of the Vastitas Borealis For-
mation?   The northern plains are covered by poorly-
understood materials interpreted in a variety of ways
by different workers.  One interpretation is that these
are ocean sediments [e.g., 19].  If correct, the sedi-
ments should have fine grain sizes except for widely
scattered ice-rafted boulders.   The detection of abun-
dant boulders in these deposits might favor direct
deposition from floods or mudflow deposits.  How-
ever, the history may be complex and HiRISE can only

sparsely sample these vast plains, so this issue may
continue to be controversial.  HiRISE will certainly
provide a rich set of observations on periglacial proc-
esses in the northern plains [20].
What is the recent climate history recorded in polar
layered deposits?  MOC images resolve beds in the
polar layered deposits (PLD) down to the resolution
limit of the camera [8].  HiRISE images of the PLD are
therefore likely to show stratigraphy at finer scales
than previously observed.  Similarly, higher-resolution
images of the PLD will be useful in studying the de-
formation (faulting and folding) of the PLD [21].  Such
observations may be used to constrain theories of re-
cent climate changes on Mars.

What is the efficacy of current eolian activity?
Dune migration has not been seen in MOC-Mariner 9
comparisons over several decades [22] nor in MOC-
MOC comparisons over a few years [23].  Failure of
slip faces of the dunes has been noted [8].  With higher
resolution, we might very well see dune motion,
thereby providing calibration of the efficacy of aeolian
processes on Mars in the present day.

Summary.   HiRISE will enable us  to address a wide
range of issues about the geologic and climatic evolu-
tion of Mars.   Probably the most significant contribu-
tions will result from unexpected discoveries.
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COMPOSITION AND CHEMICAL EVOLUTION OF THE MARTIAN CRUST AND MANTLE:
INTEGRATING THE DATA FROM MISSIONS AND METEORITES.   Scott M. McLennan, Department of
Geosciences, State University of New York at Stony Brook, Stony Brook, NY, 11794-2100, U.S.A.
(Scott.McLennan@sunysb.edu).

Introduction:  Our understanding of the chemical
composition and chemical evolution of the martian
crust and mantle is now advancing rapidly.  A critical
challenge for the future will be the integration of the
chemical and mineralogical data derived from:
1. Planetary-scale orbital missions that provide imag-

ing, spectroscopic, geophysical and geochemical
data on scales of meters to many kilometers (e.g.,
Global Surveyor, Mars Odyssey);

2. Localized landed missions that provide relatively
good geological context but return limited varieties
of geochemical data (Viking, Pathfinder and the
imminent Beagle-2 and Mars Exploration Rovers);

3. Martian (SNC) meteorites that are comprehensively
analyzed for petrology, geochemistry, and isotopes,
but that have poorly understood geological context.
Among the most important findings over the past

five to ten years, that are especially relevant to under-
standing martian crust-mantle evolution, are the fol-
lowing (by no means comprehensive):
1. Direct chemical measurements of martian rocks and

soils by Mars Pathfinder that have confirmed, re-
fined, and greatly extended previously available
data from Viking [1-4].  Of special interest are the
presence of high silica rocks and surprisingly high
potassium contents in both rocks and soils at the
Pathfinder site.

2. Thermal emission spectroscopy, while mapping the
mineralogical character of the martian surface, has
identified a global-scale mineralogical / chemical
dichotomy approximately coinciding with the to-
pographic break separating the heavily cratered
southern (Surface Type 2) and less cratered north-
ern hemispheres (Surface Type 1) [5].  The spectral
signature of “andesite” that characterizes the north-
ern hemisphere is controversial and has been inter-
preted as reflecting either a primary igneous com-
position [5] or as a consequence of basaltic altera-
tion processes [6].

3. A variety of new geophysical constraints derived
from orbital and landed missions.  For example,
data from Mars Pathfinder for the martian moment
of inertia factor [7,8] constrains mass distribution
(e.g., Fe content and Fe/Si) throughout the planet
and combined gravity and topography data provide
important constraints on crustal thickness [9].

4. Dramatically increased number of finds of martain
meteorites, especially basaltic and picritic shergot-

tites, resulting in more than doubling of the avail-
able collection. Geochemical and isotopic data that
have been obtained from these samples have greatly
improved our understanding of the magmatic his-
tory of Mars.  It is also becoming increasingly clear
that this sampling of the martian near-surface may
provide an incomplete, and perhaps even seriously
biased, view of the geochemistry of the martian
crust-mantle system.

5. Arrival of the Mars Odyssey orbiter and especially
the initiation of the mapping phase of the gamma-
ray spectrometer (GRS).  In addition to the well-
publicized finding of widespread near surface water
[10], preliminary GRS data generally have con-
firmed the very short-lived Phobos-2 GRS experi-
ment [11] in showing an enrichment of the large ion
lithophile elements (K, Th) in the martian crust
[12,13].  Odyssey GRS also has generally con-
firmed the global petrological dichotomy recog-
nized by Mars Surveyor thermal emission data [13].
Accordingly, the purpose of this paper will be to

review and integrate some of these new findings and
place them within the context of improved under-
standing of the composition and evolution of the mar-
tian crust-mantle system.

Martian Mantle: The primitive mantle (present-
day mantle plus crust) of Mars generally is thought to
be enriched in iron and in moderately volatile elements
(e.g., K, Rb) by a factor of about two over the terres-
trial primitive mantle (see Ref [14] for recent esti-
mate).  This model is based largely on the composition
of martian meteorites.  However, a number of recent
results call into question several critical aspects of the
current conventional wisdom about the martian primi-
tive mantle.  For example, the precise measure of the
martian moment of inertia, obtained from the Mars
Pathfinder mission [7], especially when combined with
Global Surveyor gravity and topography that suggests
a crust on the order of 50 km thickness [9], is incon-
sistent with the combination of an iron rich primitive
mantle and a bulk Mars that has a chondritic Fe/Si ra-
tio [8].  Recent experimental studies are also ques-
tioning whether an Fe-rich mantle is actually required
to generate all of the SNC compositions (e.g., Ref.
[15]).

The recent spate of new martian meteorite finds has
also allowed us to begin to evaluate systematic geo-
chemical variations that were simply unrecognizable
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when only a handful of martian meteorites were avail-
able.  For example, systematic variations in REE, from
patterns that are very highly LREE-depleted through to
essentially flat, and Nd isotopic compositions of sher-
gottites have been interpreted to reflect an origin by
mixing of magmas derived from a highly depleted
mantle source with an ancient LIL-enriched crustal
component (e.g., Ref. [16,17]).

The likelihood of crust-mantle mixing is also ap-
parent in Fig. 1 where K/Th is plotted against K con-
tent for martian meteorites and orbital GRS data
(adapted from Ref. [18]).  The range of K content in
Pathfinder soils and rocks is also shown for compari-
son.  There is a clear systematic relationship of de-
creasing K/Th ratio with increasing K abundances
(similar trends are seen for K/U and K/La).  The trend
is also consistent with derivation of magmas from a
highly depleted (low K) mantle source, with high K/Th
ratios, and an enriched (high K) crustal source such as
that sampled on the martian surface by Phobos-2 and
Odyssey GRS [11,12] and Pathfinder APXS [3,4].
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 Figure 1.   Plot of K/Th vs. K for martian meteorites and the
martian surface.  Also shown for comparison is the range in
K content for Pathfinder soils and rocks.  The trend for sher-
gottites is consistent with mixing of magmas derived from a
highly depleted (low K) mantle source with an enriched
crustal reservoir.   There is considerable fractionation of the
K/ Th (and K/U, K/La) ratio between depleted mantle and
enriched crust.  Any reasonable mix between these reservoirs
results in a K/Th ratio considerably lower than previously
suggested for the martian primitive mantle.  Adapted from
Ref. [18].

An important implication of these trends is that
there is considerable fractionation among highly in-
compatible elements between crust and mantle.  Ac-
cordingly, great caution is warranted in interpreting
ratios such as K/Th, K/La and K/U in terms of rela-
tively enriched moderately volatile element content of
the primitive mantle.  Indeed, when the orbital GRS,
Pathfinder and martian meteorite data are considered
together, they suggest a martian primitive mantle that

at most is only slightly more enriched in moderately
volatile elements than is the Earth [18].

Although the shergottites appear to be reasonably
well explained, at least to a first approximation, by
mixing of depleted mantle and enriched crust, the mar-
tian primitive mantle may not necessarily fall any-
where along this trend.  Assuming that refractory
lithophile elements are in chondritic proportions, mass
balance among all of the crust-mantle chemical reser-
voirs must be chondritic for these elements.  Although
this appears to be the case for many refractory litho-
phile element pairs (e.g., Th/U, La/Sm) it is not the
case for all (Fig. 2) [18,19].  The element pairs, La/Th,
Sm/Hf and Ba/La, are not readily balanced by the end
member compositions defined by the shergottites.
Mass balance calculations indicate that at least 20-30%
of the REE budget of the martian primitive mantle is
unaccounted for. Mantle sources sampled by nakhlites
(±Chassigny) may represent this complementary man-
tle reservoir but this is not entirely clear (for example,
it is consistent with La/Th and Sm/Hf ratios but not
Ba/La ratios).
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Figure 2.   Plot of La/Th vs. La for martian meteorites.  The
trend defined by shergottites is likely to be related to mixing
between magmas derived from a highly depleted mantle
source and an enriched crust.  No reasonable mass balance
between these reservoirs is consistent with a chondritic
primitive mantle La/Th ratio and another major mantle res-
ervoir with high La/Th is required.  Nakhlites may be sam-
pling this additional reservoir but this is not entirely clear.

Martian Crust:  Although martian meteorites indi-
cate that magmatism has occurred periodically
throughout >4 billion years of martian history, the
crust of Mars appears to be mostly ancient. Essentially
all of the radiogenic isotope systems, including the
short-lived ones, are consistent with very early differ-
entiation of crust-mantle-core (e.g., Refs [20-24]). Re-
cent improvements in understanding the cratering his-
tory of the northern plains further support this notion
[25].  Although there is a clear bimodality in the
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planet’s hypsometry, superficially similar to the conti-
nental crust – ocean crust dichotomy on Earth, in de-
tail, the surface topography differs [26] and on bal-
ance, there is no evidence for anything comparable to
continental crust on Mars.

The bulk composition of the martian crust is of
considerable importance but at present is not readily
obtained beyond the major elements and a few selected
trace elements.  This situation is due to change as Od-
yssey GRS data begin to arrive and accumulate.  Nev-
ertheless, a variety of approaches appear to converge
on a crust that is basaltic in character, but a basaltic
composition that is relatively enriched in incompatible
elements (including heat producing elements), perhaps
similar to terrestrial hot spot volcanism [27].

Soils from the three separated Viking and Path-
finder landing sites have broadly similar composition.
Geochemical relationships among soils and rocks
clearly indicate that a variety of sedimentary processes,
such as sorting, evaporative processes and various
types of alteration, may have affected the soils (e.g.,
[28,29].  Nevertheless, sedimentary processes may
well homogenize upper crustal martian rocks, like they
do on Earth [30], and so it may be possible to extract
an estimate for the exposed crust of Mars from the soil
data.  Since there is no evidence for substantial in-
tracrustal differentiation processes (giving rise, for
example, to granitic rocks), such a composition also
may be broadly representative of the entire martian
crust.

The Pathfinder data are the most reliable and com-
plete and compare favorably with average basaltic
shergottites except that they are more enriched in K
and Na (Fig. 3) [27].  Although the Viking soils appear
to have lower K concentrations (<1,250 ppm), perhaps
suggesting regional variations in detail, the orbital
GRS data (see below) appear to confirm the K-rich
nature of the martian upper crust.

Both Phobos-2 and Mars Odyssey GRS data indi-
cate considerably higher K, Th and U abundances (see
Fig. 1) than seen in the martian meteorite suite. These
data provide very persuasive evidence for a far more
incompatible-element enriched crust than indicated by
the martian meteorite suite.

Modeling of REE and Nd isotope data in martian
meteorites also is consistent with a LREE-enriched
martian crust [16,17].  Accepting that the shergottites
reflect a mixture of magmas derived from depleted
mantle that have assimilated martian crust during as-
cent and eruption, it is possible to constrain the REE
characteristics of the crustal end member through sim-
ple mass balance calculations.  The calculations have a
trade-off between crustal mass and crustal REE content
and are sensitive to the depleted mantle end member

that is adopted.  Nevertheless, within any reasonable
uncertainties, the modeling indicates a LREE-enriched
crust.
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Figure 3.   Comparison of average Pathfinder soil (recalcu-
lated to S and Cl abundances comparable to shergottites) to
average basaltic/picritic shergottite.  “Error” bars represent
one standard deviation.  On average, martian soils have a
bulk composition broadly comparable to typical basaltic
rocks that have erupted on Mars with the exception of being
greatly enriched in the incompatible elements K and Na.
Adapted from Ref. [27].

Although prone to considerable uncertainty, de-
convolution of thermal emission spectra into minera-
logical end members and chemical composition for
both Surface Types 1 and 2 indicate relatively evolved
compositions [31].  Although the interpretation of “an-
desite” for Surface Type 2 (northern plains) remains
controversial, Surface Type 1 is more likely to relate in
a relatively simple manner to martian upper crustal
compositions.  Although the composition may be more
evolved (basalt to basaltic andesite, depending on de-
convolution approach) than suggested by the soil data,
the composition is characterized by high levels of al-
kali elements compared to martian meteorites [31].

Combining insight from these data leads to a very
preliminary estimate for the composition of the martian
crust that is slightly LIL-enriched basaltic in composi-
tion.  Major and minor elements (Mn, P, Cr) are de-
rived from average Pathfinder soil corrected to S and
Cl contents comparable to basaltic shergottites.  Potas-
sium is derived from Phobos-2 GRS, preliminary Od-
yssey GRS and Pathfinder soil data.  Thorium is de-
rived from preliminary K/Th for Odyssey GRS (and
consistent with Phobos-2).  Uranium is taken from a
chondritic Th/U ratio that is seen for all martian mete-
orites unaffected by terrestrial weathering processes
[18].  Lanthanum is derived from a La/Th ratio of 5, as
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suggested from Fig. 2, and the shape of the REE pat-
tern is derived from the modeling of Norman [16,17].

The composition so derived can be characterized
by SiO2 = 50%, K = 4,500 ppm, Th = 1.3 ppm, U =
0.35 ppm, La = 7 ppm, Yb ~ 2 ppm, Cr = 2,000 ppm.

Discussion:  Such a crustal composition is only
modestly enriched in LIL elements and heat producing
elements.  For example, the continental crust of the
Earth has LIL concentrations that are more than a fac-
tor of 2 higher [30]. However, as pointed out by
McLennan [27], because the crust of Mars is such a
large fraction of the martian primitive mantle (3.2% for
a 50 km thick crust), the effects on the mass balance of
LIL and heat producing elements are very large and
>50% (and perhaps much more) of these elements has
been concentrated into the martian crust for most of the
planet’s history (Fig. 4).
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Figure 4.  Comparison of the crust on Mars to the continen-
tal crust on Earth.  The martian crust, at about 50 km thick-
ness, is a much larger fraction of the planet than is the ter-
restrial crust.  Although the concentration of incompatible
elements in the martian crust is significantly less than the
Earth’s crust, a far greater fraction of the planetary com-
plement resides in the martian crust and was differentiated
much earlier.  This contrast has considerable implications
for understanding the geochemical and thermal evolution of
Mars.

Such profound differences in the timing and scale
of LIL and heat producing element transfer into the
outer portions of Mars compared to the Earth have
important implications for the thermal and tectonic
evolution of Mars.  A number of workers have begun
to address such issues in thermal modeling (e.g., Ref.
[32]) but more work is needed.

It is also worth pointing out that because the crust
has such a large component of incompatible elements,
understanding the chemistry and differentiation proc-
esses of the remaining mantle may be very difficult.
For example, the modeling of Norman [16,17] and
others only considers a three-end member crust-mantle
system (primitive mantle – depleted mantle – crust).
However, trace element systematics of martian mete-
orites (e.g., Fig. 2; Ref. [18,19]) indicate an additional

reservoir that may contain up to 30% of the LREE
budget of Mars.  Thus, the depleted mantle sampled by
shergottites, while perhaps being volumetrically domi-
nant, may contain a relatively small fraction of the in-
compatible trace elements of Mars.

A major conclusion that comes from integrating the
data now available from missions and meteorites is
that many aspects of our current understanding of
crust-mantle geochemistry on Mars require revision.
The ever increasing number of martian meteorite finds,
and improved understanding of their petrogenesis,
coupled with the flood of mineralogical / geochemical
data expected from both current and planned missions
is bound to result in major strides in constraining the
composition and evolution of Mars.
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THEORY OF GROUND ICE ON MARS AND IMPLICATIONS TO THE NEUTRON LEAKAGE FLUX.  
M. T. Mellon1, W. C. Feldman2, and T. H. Prettyman2, 1Laboratory for Atmospheric and Space Physics, University 
of Colorado, Boulder, 2Los Alamos National Laboratory, Los Alamos, New Mexico.  
 

Introduction:  Near-surface ground ice (subsur-
face ice in the upper several meters of the martian sur-
face) is an important component of the global cycles of 
water and the behavior of the martian climate. It repre-
sents a substantial reservoir of water that can dynami-
cally exchange with the atmosphere on timescales 
comparable to that of oscillations in the planet’s orbit 
[Mellon and Jakosky, 1995]. As the martian obliquity 
increases or decreases, the global atmospheric humid-
ity also increases or deceases. In response to this and 
changes in the regolith temperatures, ground ice can 
undergo cycles of sublimation and condensation, such 
that the upper meter or two of the martian regolith can 
become alternately ice-saturated and desiccated. The 
rate of sublimation and condensation is fast enough to 
respond to orbital changes, but slow enough that the 
distribution of ice in one year may not reflect the cli-
mate conditions that year, but instead will reflect an 
average over the previous thousand or so years. There-
fore, the present day distribution of ground ice reflects 
some measure of the longer-term martian climate.  

In this work we present new calculations of the 
geographic and depth distribution of ground ice on 
Mars and draw comparisons with the inferred distribu-
tion of ice from Mars Odyssey Neutron Spectrometer 
observations. 

 
Theory and Observations: Numerous previous 

studies have predicted the stability of ground ice in the 
regolith of Mars poleward of about 40o to 50o latitude 
[e.g., Leighton and Murray 1968; Farmer and Doms 
1979; Fanale et al 1986; Paige 1992; Mellon and Ja-
kosky 1995]. The stability of ground ice in these re-
gions is based on both 1) the thermodynamic behavior 
of the regolith and 2) the diffusive exchange of water 
vapor between the regolith and the atmosphere.  

In general, ground ice is stable geographically 
where the mean annual ground surface temperatures 
are lower than the mean annual atmospheric frost point 
(the temperature at which water vapor will begin to 
condense). The depth at which ground ice is stable 
(also called the ice table) is the depth where the mean 
water vapor concentration with respect to ice in the 
pore space equals that of the atmosphere. If an imbal-
ance were to occur (such as dry soil at temperatures 
below the frost point) a flux of water vapor will occur 
and condensation of ice will fill the regolith voids. 
Above the ice table is ice-free soil and below the ice 
table the soil will become densely ice saturated, similar 
to the configuration of ground ice found in the Antarc-

tic Dry Valleys. All that is required is that the regolith 
is porous. And the only source of water is from the 
atmosphere.  

Recent observations of the martian neutron leakage 
flux by the Neutron Spectrometer onboard the Mars 
Odyssey spacecraft [Boynton et al., 2002; Feldman et 
al., 2002] indicate the presence of substantial subsur-
face hydrogen in the southern high latitudes and polar 
regions of Mars, poleward of about 50o to 60o South 
latitude. The best explanation for the presence of this 
hydrogen is that deposits of ground ice occur in the 
upper meter of the regolith at depths of a few tens of 
centimeters beneath ice-free soil. Generally speaking 
ice buried deeper than about 100 g/cm2 of ice-free soil 
is not observable.  
 

Distribution of Ground Ice:  In this work we 
have revised the models of ground ice stability to ac-
count for 1) the thermal conductivity of ice-cemented 
soil, 2) the effects of surface elevation on the atmos-
pheric humidity, and 3) new observations of thermal 
inertia of the martian surface. With these revised mod-
els we have mapped the theoretical distribution of 
ground ice as it relates to the martian climate. 

The thermal conductivity of the regolith is altered 
by the presence of ice in the soil pore space. Even 
small amounts of ice will dramatically increase the 
bulk thermal conductivity [Mellon et al., 1997]. This 
increase causes heat to be more efficiently wicked 
from the near surface and allows ground ice to be sta-
ble closer to the surface [Paige, 1992].  

Surface elevation effects ground ice stability by its 
effect on the absolute atmospheric humidity. The con-
centration of water vapor in the near-surface atmos-
phere is an important boundary condition to ground-
ice stability as it controls the diffusive flux of water in 
and out of the regolith. For example, at lower eleva-
tions the atmospheric pressure, density, and absolute 
humidity will increase and ground ice is more likely 
stable. 

Thermal inertia is important in that it is a key prop-
erty that controls the surface and subsurface tempera-
ture behavior. It has been previously inferred from 
Viking observations and more recently from Mars 
Global Surveyor observations of the planet’s surface 
temperature. While the large-scale global patterns of 
thermal inertia remain the same, the higher resolution 
results exhibit a wider range of extremes in inertia 
values within a small region. This will result in a wider 
range of ice table depths.  
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Applying these concepts we have mapped the geo-
graphic distribution of ground ice and depth distribu-
tion of the ice table for a variety of atmospheric hu-
midity conditions. Results are shown in Figure 1 for 
the case of a mean annual atmospheric water column 
of 10 pr um, distributed uniformly with atmospheric 
CO2.  

The geographic distribution of the neutron energy 
spectrum is consistent with a presence of ground ice as 
shown in Figure 1. However, as much as 100 pr um or 
as little as 1 pr um of atmospheric water is no longer 
consistent with this distribution. Ultimately, limits can 
be placed on the longer-term atmospheric water con-
tent through a careful comparison of these results with 
neutron data. 

The depths of the ice table given by this model are 
generally on the order of a few centimeters, signifi-
cantly shallower than previous model predictions and 
shallower than those inferred from the neutron data (on 
the order of a few tens of centimeters [Boynton et al., 
2002]).  Reconciling this difference requires 
consideration of the nature of the martian surface and 
departure from an ideal surface.  

 
The Real Martian Surface: Models used to pre-

dict the distribution and behavior of ground ice and 
those used to interpret the neutron data assume a ho-
mogeneous, flat soil surface on Mars. However, the 
martian surface as seen from the Pathfinder and Viking 
landers is covered by a combination of rocks, bedrock, 

and soil in varying degrees. These surfaces also exhibit 
a range of slopes (hills and troughs). 

The relationship between neutron leakage spectra 
and the ice-table depth is quite nonlinear. To best 
compare the neutron observations with the predicted 
ground-ice depth, integration is needed of the neutron 
flux over the depth distribution within the field of 
view. 

The presence of rocks and bedrock can have a 
number of effects on the apparent depth of ground ice. 
Rock possesses little porosity relative to soil and there-
fore would contain little ice. A rock at the surface can 
increase the apparent depth of ground ice by increasing 
the column mass of ice free material above the ice ta-
ble. Rocks, having a high thermal conductivity can 
also effect the ground thermal regime and can increase 
the depth of the ice table. Bedrock will appear as ice-
free zones. The integrated effect over the Neutron 
Spectrometer’s field of view is that, while ground ice 
may be stable closer to the surface for soil surfaces, the 
“average” depth will appear much deeper. 

Surface slopes can also effect the apparent depth 
distribution of ground ice in similar ways. Relative to a 
level surface, for slopes facing poleward ground ice 
will be stable closer to the surface, and for slopes fac-
ing equatorward ground ice will be stable a greater 
depths. If a surface exhibits an even distribution of 
slopes, the integration of the non-linear effects of the 
depth of the ice table will result in a deeper apparent 
depth relative to a uniformly level surface.

  

Figure 1. Depth to the ice table assuming an annual mean of 10 pr um of water vapor. Poleward of 60º latitude most 
depths are between 1 and 10 cm. 
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Introduction: Within the northern residual polar 

cap of Mars are dark lanes or troughs; on the walls of 
these exposures are layered deposits.  These deposits 
consist of extensive lateral layers of ice and dust and are 
found throughout the polar cap.  They were first identi-
fied in Mariner 9 images [1, 2] and later studied in de-
tail with the Viking orbiters [e. g. 3, 4, 5, 6].  In these 
images, the layers appear to consist of alternating se-
quences of light and dark layers ~ 5 to 25 m thick [4, 5].    

Recent data taken by the Mars Orbiter Camera 
(MOC) onboard the Mars Global Surveyor (MGS) re-
veal that the layers are thinner and more numerous than 
Viking images suggested.  Layers are seen with thick-
nesses at the limit of resolution (~2 m) and it is possible 
that smaller scale layers may also exist [7].  The indi-
vidual layers show considerable variation in thickness, 
ranging from several meters (the limit of resolution) to 
several tens of meters [8].  Some layers are observed to 
pinch out [7]. Additionally,  layers show varying resis-
tance to erosion.  In particular, a “marker bed” 20 m 
thick with resistant knobs ~ 10 m wide is observed in 
many places [7,  9, 10].  

Layers also show variation in surface texture.  In-
dividual layers display surfaces with pockmarks, brick-
like textures, and a pattern similar to a deformed, 
woven structure [8]. It is not clear if the textures are a 
property of the layer or are limited to the exposed sur-
face.  There is not a relation between texture and loca-
tion.  The variety of textures may be due to structural 
properties of the individual layers which caused differ-
ent amounts of erosion [8]. Some textures indicate a 
pitted surface, which may be due to outgassing of clath-
rate-rich layers [10]. 

These layers are laterally extensive.  Several im-
ages taken from a single trough in Figure 1 show that in 
some regions individual layers can be traced for many 
hundreds of kilometers [7, 10].  Two different investi-
gators have proposed that the marker bed can be found 
in multiple troughs 50 km apart [7, 9].  However, a pre-
liminary assessment of images found that layer se-
quences vary greatly around the cap  [8].  An additional 
difficulty for comparing image sequences is the sea-
sonal surface frost deposits found throughout this area.  
Indeed, two sequences can look very different from 
each other when in reality they are taken from either 
side of the same image [10].  Frost can cause several 
layers to look like one thick layer.  It can also be prefer-
entially deposited within a segment of a dark region, 
revealing many layers in an area which would otherwise 
be thought to be one layer [10]. 

Many models were proposed for the formation of 
these deposits based on Viking data [e.g., 11, 5] but the 
details of the formation process remain unknown.  The 
main driving force behind the deposits is thought to be 
episodic climate variations due to orbital cycles.  In-
deed,  some effort has been made to connect layers to 
specific orbital cycles, especially obliquity, using com-
puter models [4, 12] and spectral signal analysis [13].  
However, the variability of individual layers may indi-
cate the influence of smaller scale variations.  Such 
variations may include the influence of local topogra-
phy or non-uniform deposition of material such as 
ejecta from major impacts or pyroclastic material [8].  
Additionally, the thinner layers may indicate that the 
martian climate produces deposits on timescales less 
than the obliquity cycle [7].  Thus,  characterization of 
cycles within layers without relying on specific orbital 
periods is a necessary first step before introducing 
process-specific factors. 

 

 
Fig. 1. Location of troughs and images in the north-

ern cap under study. 
 
An understanding of the formation processes of the 

polar layered terrain will provide insights into the proc-
esses of trough formation, lateral propagation, erosion, 
and deposition. It will also allow us to interpret the sim-
ple vertical record of climate change encoded in the 
layered deposits.  Ultimately, we will gain a foundation 
upon which we can build a better model for the interac-
tions of the various volatile deposits on Mars, including 
the current polar surface as well as the latitude-
dependent layer of subsurface ice currently being 
mapped by Mars Odyssey [14, 15].  
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In order to begin this foundation of knowledge we 
first must characterize sections of layers and quantita-
tively compare the layer sequences in one trough with 
another.  In this way, constraints may be placed on 
trough formation mechanisms.   
 

Characterization Using Fourier Analysis:  One-
dimensional Fourier analysis is used to break a complex 
signal down into sine and cosine components [16].  
Dominant wavelengths of the complex signal can be 
measured from these components. The polar layered 
deposits record a complex signal of changing deposi-
tional environments in their layers.  FFTs may be a 
valuable tool to characterize how the depositional envi-
ronment varied from location to location. 

The Fourier transform is described by the following 
equation: 

F(kx) = f (x)e− ikxxdx
−∞

∞

∫         (1) 

where kx=2π/λ is the spatial wavenumber.  Spatial fre-
quency, kx/2π, can be inverted to find spatial wave-
length, λ=2π/kx.  The power spectrum of the signal is 
described by:  

     P(kx ) = F(kx)−∞

∞

∫
2

dkx
       (2) 

A fast Fourier transform (FFT) is a discrete form of 
equation (1) and is computed numerically.  Plots of 
spatial frequency vs. relative power were created using 
the FFT function in the Matlab package software; these 
plots were then inverted to determine spatial wave-
lengths.  The same method and program were used as is 
described in [16]. 

Applying FFTs to the PLD: This analysis compares 
the FFTs of DN profiles from multiple images. First, 
images are calibrated and the associated MOLA data 
retrieved using programs from the ISIS image process-
ing package. The MOLA data is interpolated between 
shots to provide an elevation value for each pixel of the 
image.  Thus, the exposure of layers in the image is 
projected back onto the vertical wall of the trough.  The 
DN profile is then adjusted to run perpendicular to the 
layer margins.  Next this data set is adjusted so that it 
consists of DN values at locations spaced evenly down 
the vertical wall. This process interpolates between DN 
values for neighboring pixels; while this may not be a 
true assumption at the boundaries between layers, the 
pixel size is small (1.8 m/pxl) that the errors introduced 
are negligible. The interpolations were done using the 
Arand suite of programs developed at Brown University 
for paleoceanographic studies. Evenly spaced data is 
required for the FFT process; the adjusted data is then 
run through the Matlab FFT program. 

 
Fig. 2 Method for rectifying images. 
 
To be a useful tool for comparing images, FFTs 

must return similar results from layer sequences which 
are practically identical. Previously, we have performed 
FFT analysis on many calibrated but not slope-
corrected profiles from a single image, M00-01754.   
Profiles from either side of this image yielded very 
similar dominant wavelengths, as was expected. How-
ever, the dominant wavelength varied down the length 
of the trough wall exposure. This may be due to com-
pression of the layers towards the base of the deposit 
from the overlying material or to a change in the depo-
sitional environment [17]. The first steps in the current 
analysis were discussed in [18]; this abstract is a con-
tinuation of that study. 

 
Results: The analysis described above was carried 

out on 4 images in 3 troughs (Figure 1).  Each image 
was taken during the same season to reduce the effect 
of surface frost on the layers (Table 1).  The FFT results 
for two of the images are found in Figures 3 and 4.   

 
Table 1: Image Information 

Image  
Number 

Resolu-
tion 

Ls Sun Angle 

M00-01714 1.81 m/pxl 122.82˚ 304˚ 
M00-01754 1.81 m/pxl 122.89˚ 123˚ 
M00-02100 1.81 m/pxl 123.86˚ 127˚ 
M23-01450 12.1 m/pxl 106.49˚  74˚ 

 
Long range wavelengths show a dominant peak 

ranging from 27 to 33 m; this wavelength can also be 
seen in the DN profiles themselves.  This wavelength 
range is influenced by packets of multiple layers.   

Mid range wavelengths, on the other hand, are in-
fluenced by individual layer thickness.  Two images 60 
km apart in  the same trough, M00-02100 and M00-
01754, have different wavelengths in this range which 
indicates that the thicknesses are changing non-
systematically in a single trough.  This result can also 
be seen in a direct comparison of the profiles.  It indi-
cates that deposition varies on a very local scale to 
cause layer thicknesses to change within 60 km.  This 
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result will be compared with a similar analysis of multi-
ple images in the trough immediately to the north. 

 
Fig. 3 FFT results for image M00-01754.  Scale bar 

is 200 m. 
 
Future work will cross-correlate the results of the 

FFT analysis to quantitatively compare dominant wave-
lengths from each image 

 
Discussion:  Laskar et al [13] recently used spectral 

analysis to examine image M00-02100.  They visually 
identified a cyclic pattern (~80 m/cycle) in the DN pro-
file of the upper portion of this image.  They correlated 
the first three of these cycles with calculated insolation 
patterns up to ~500,000 years and calculated a deposi-
tion rate for the entire cap of 0.05 cm/yr.  When we 
examine the DN profile of image M00-01714 we do not 
observe the cyclic pattern identified in M00-02100.  If 
insolation is having consistant effects, we should be 
able to find such a pattern in all images in this region.  
However, we do find a consistant signal on smaller 
wavelengths (~30 m) in all images studied up to this 
point.  This would result in a deposition reate of 5.4-6.4 
x 10-3 cm/yr.  The purpose of this calculation is not to 
arrive at a deposition rate for the cap, but rather to 
demonstrate the range of results possible when inter-
preting images without thoroughly characterizing them 
first. 

In this region we have examined 4 images from 3 
troughs and examined their DN profiles and dominant 
wavelengths.  We find a dominant wavelength of ~ 30 
m in all images; this may be related to the climatic forc-
ing process.  We also see that individual layer thick-
nesses change non-systematically in a single trough.  
The profiles provide more details of the differences 

between layers, but the FFTs provide a useful, quantita-
tive overview for comparing data. 

Characterization of the layered deposits is key to our 
understanding of the processes which shape the polar 
regions and the martian climate as a whole. Fourier 
analysis provides a useful tool to assist in comparisons 
of layer sequences.  Additionally, Fourier analysis will 
allow us to pull out the cycles within these sequences 
which can then be used to constrain the processes which 
deposited these layers and shaped the troughs.  These 
efforts in turn will aid our understanding of the martian 
climate system. 

 
Fig. 4 FFT results for image M00-01714. Scale bar 

is 200 m. 
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Introduction: Olympus Mons is the largest volcano 

on Mars, rising over 25 km above the surrounding plains 
and with a basal diameter greater than 600 km.  It is sur-
rounded by a basal escarpment up to 6 km tall.  Extend-
ing up to 1000 km beyond this scarp are lobes of ridged 
materials known as the aureole [1, 2].  Superimposed 
upon the west and northwest aureole deposits at the base 
of the escarpment are lobate features which are often 
interpreted to be landslide debris aprons [2, 3]. 

In 1981, Lucchitta [4] demonstrated that the mor-
phology of these marginal fan shaped deposits as re-
vealed in Viking imagery is very similar to terrestrial 
glaciers.  The location of these deposits is shown in Fig-
ure 1. The fan shaped deposits found on the northwest 
flank of Olympus Mons show long, even, curvilinear 
ridges which are subparallel to the deposit margins.  
These ridges sharply contrast with those associated with 
landslide deposits, which are characterized by longitudi-
nal groves or transverse ridges.  The ridges on the north-
west flank debris apron exhibit similar morphology to 
ridges of moraine material found near the margins of 
terrestrial glaciers (Figure 5b in [4]).  An additional de-
posit found at the base of the west scarp displays a 
tongue-shaped center with subparallel lobate ridges to-
wards the margins.  These ridges are superposed on the 
surrounding aureole and are not deflected by the topog-
raphy; thus Lucchitta interprets them to be draped over 
the surface as a debris-rich or rock glacier decayed [4]. 

 In this study we expand upon Lucchitta’s hypothe-
sis.  A range of glacial emplacement mechanisms are 
considered. 

 
Landslide Deposits: It is worthwhile to examine 

what the characteristics of landslide and glacial deposits 
are in order to interpret the fan shaped deposits. Two 
major landslide morphology types found on Earth, 
slumps and debris avalanches,  have fundamentally dif-
ferent morphologies..  

Slump deposits. These landslides have debris aprons 
which are wide relative to their length and have steep 
toes.  The debris aprons themselves are cut by transverse 
faults to form large blocks and ridges.  The source re-
gions for slumps commonly lack a well-defined amphi-
theater [5].   

Debris Avalanches.  These landslides originate at a 
horseshoe-shaped depression or amphitheater [5] which 
often widens in the direction of movement [6].  The de-
bris apron morphology varies internally; near the source 
region there are trough structures while near the  

 
Figure 1. MOLA topographic data for the western 

flank of Olympus Mons.  A) Topographic gradient map.  
Box shows the location of B and C.  B) Gradient map of 
the northwest fan-shaped deposit.  C) Contour map of 
same region.  North is up. 

 
distal parts there are lobe structures with hummocky ter-
rain [7, 5].  The margins are made up of coarse debris.  
The surface is characterized by longitudinal grooves and 
transverse ridges [7, 8].   

Martian Aureole Deposits The aureole is an asym-
metric ring of material around Olympus Mons.  This ring 
is made up of at least seven distinct lobes which were 
deposited in at least four separate instances [9]. The sur-
face is characterized by a corrugated textured formed 
from curvilinear, flat topped ridges and troughs with 
heights of several hundred meters to a few kilometers [9], 
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cut by graben [10, 11]. The corrugations are generally 
parallel to the margins of the aureole lobes [9]. It is esti-
mated that the lobes themselves are up to 4 km thick [11].  
There are also a number of linear faults and fractures in 
the aureoles, but they do not cut through multiple lobes 
or into the basement.  This implies that they are mechani-
cally detached from the underlying material [11].  Many 
faults indicate that the central portions of the lobes have 
moved forward relative to the margins of the lobes [11]. 

Many mechanisms have been proposed for the em-
placement of these deposits, including the eroded rem-
nant of a older, larger volcano [2], pyroclastic flows [12], 
and large catastrophic landslides originating at the basal 
escarpment [10]. A currently favored interpretation is 
gravity-driven landslides of lubricated material, possibly 
ice [9].   

Estimates of the volume of the deposits range from 
0.607x106 km3 [10] to 3.6x106 km3 [11].  This is the 
same order of magnitude as the volume required to re-
construct the pre-scarp flanks of Olympus Mons [10, 11].  
However, the volume of the deposit is three orders of 
magnitude greater than that of simple martian landslides 
identified elsewhere [11].  Such gigantic landslides are 
observed on Earth as submarine landslides [5, 7]; high 
fluid pore pressures [10, 11] or a weak layer such as ice 
[9] could detach the aureole material from the basement 
and allow massive sliding. 

 
Glacial Deposits:  There is a wide range of glacial 

morphology types; the type of glacier is determined by its 
ice to debris ratio which is in turn determined by its 
source. There is much debate over the definition [for a 
review, see 13] as well as the formation and flow mecha-
nisms [for a review, see 14] of many types of glaciers. 
The terminology used here is that of [13]; a reference 
diagram taken from [13] can be found in Figure 2.  

 
 

 
Figure 2.  Types of glaciers.  From [13]. 
 
 

Lobate rock glacier or protalus glacier. This glacier 
consists of single or multiple lobes originating at the base 
of talus slopes.  The distal margin of these lobes form 
protalus ramparts.  Protalus glaciers are at least as broad 
as they are long [13].    The formation of protalus glaciers 
is thought to be related to the presence of an abundance 
of interstitial ice in the talus slope, possibly changing 
pore pressures and allowing flow or causing deformation 
to occur within the ice itself if enough is present [14]. 

Valley glacier. This glacier is a classical glacier, a 
moving mass of ice which flows from an accumulation 
zone in a mountain range down a valley floor.  Debris 
picked up by the glacier or deposited on top of it is car-
ried along and deposited at the margins of the glacier 
once it starts to retreat in the form of a lateral or terminal 
moraine [15]. 

Rock glacier. This type of glacier is typified by a 
surface of rocks and angular boulders and often has 
ridges, furrows, and lobes on its surface. The front of an 
active rock glacier is at the angle of repose. Rock glaciers 
can have a variety of morphologies. Confined within a 
valley, it has a lobate body and is considered to be a 
shaped-shaped rock glacier. Once a rock glacier is not 
topographically confined, it spreads laterally and devel-
ops a spatulate shape. It is then often known as a pied-
mont rock glacier.  Rock glaciers tend to be many hun-
dreds of m to a few km long, and have lobate grooves on 
their surfaces [13, 14] 

There is much debate over the formation of rock gla-
ciers; this is because the amount of ice contained in a 
rock glacier is usually unknown.  They may have a gla-
cial origin, in which case they begin as valley glaciers in 
cirques or corries where snow is accumulated and much 
debris can be deposited on top from the surrounding to-
pography [13]. This is the formation mechanism used in 
Figure 2.  A rock glacier formed in this manner would be 
a thin glacier covered with a great deal of debris [14].  It 
is also possible that rock glaciers form as an ice-rock 
mixture in permafrost regions [14]. Both mechanisms 
would lead to deposits with the same morphology and 
both may occur under different conditions [14]. 

Debris-covered glacier. This type of glacier, not 
shown in Figure 2, is in between valley glaciers and rock 
glaciers.  It is basically a valley glacier entirely covered 
with debris, but not to the extreme amounts of debris 
found in rock glaciers.  This type of glacier would have a 
source region with some surrounding topography to serve 
as a source for the debris, but not the encompassing to-
pography of a cirque as found with rock glaciers. 

 

 

Sixth International Conference on Mars (2003) 3149.pdf



 
 
Figure 3. Fan shaped deposit at the northwest margin of the Olympus Mons basal escarpment.  Left: Viking image 

048B04.  Right: Sketch map.  Unit descriptions found in text. 
 
Debris Apron Morphology: Figure 3 is a Viking 

image of a portion of the northwestern debris apron and a 
sketch map of this image.  Five units are defined in this 
image.  Figure 4 is the MOLA topography data for this 
image and the region surrounding it. 

Unit A is made up of material with greater topog-
raphic relief than the rest of this image.  It is part of the 
extensive aureole deposits described above.  Unit B is 
located at the distal margin of the debris apron and is 
characterized by hummocky material.   

Unit C is the fan-shaped deposit itself, a lobate unit 
extending approximately 90 km from the base of the 
scarp with regular, arcuate, subparallel ridges up to 60 
km long.  The deposit is approximately 600 m high.  The 
topographic profile of this deposit is concave down.  The  
region in the lower right of the image contains a number 
of linear knobs several km in length. There are several 
depressions in this unit, indicated by dashed lines in the 
sketch map.  Two of these are circular and are interpreted 
as small impact craters.  The remainder are irregularly 
shaped. 

The corrugations and fractures which characterize 
the surface of the aureole deposits and terrestrial subma-
rine landslides are not found on this unit; therefore, it is 
unlikely to be a landslide deposit.   

Unit D is a hummocky material found at the base of 
the escarpment (Unit E).  It is likely material eroded off 
of the scarp. 

 
Figure 4.  Top: MOLA data for fan-shaped deposit.  Black 

line indicates location of profile.  Box indicates location of 
Figure 3.  North is up.  Red region in lower right is flank of 
Olympus Mons.  Bottom: MOLA profile. 
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OLYMPUS MONS DEBRIS COVERED GLACIERS   S. M. Milkovich and J. W. Head 

Interpretation: We interpret the fan shaped deposits 
found at the base of the Olympus Mons escarpment as 
remnants of glaciers, in agreement with Lucchitta [4].  It 
is important to consider what type of glacier.  The con-
tinuous, curvilinear ridges found on the surface of Unit C 
are very similar to rock glaciers.  The source region, the 
basal escarpment, provides the topographic relief re-
quired to provide the debris.  The linear ridges found in 
the lower left region of the image are interpreted as the 
remnants of lateral moraines, which were deposited as 
the glacier retreated and then eroded again as the glacier 
advanced.  This implies several episodes of advance and 
retreat. 

However, there is no cirque-like source for the de-
posits.  Instead, they extend from somewhat linear seg-
ments of the basal scarp.  Additionally, the fan shaped 
deposits are much larger than terrestrial rock glaciers; 
they extend many tens of km rather than up to a few km.  
Thus, we interpret these features to be the remnants of 
debris-covered glaciers, which are morphologically simi-
lar to rock glaciers but contain more ice and therefore 
flow more like valley glaciers and cover greater dis-
tances. 

We thus envision the following scenario: glacial ice 
builds up on the northwestern  slope of the basal escarp-
ment.  Debris from the escarpment is deposited on top of 
the ice.  As the glacier flows to the northwest, it spreads 
and develops a spatulate form.   Several periods of ad-
vance and retreat are recorded by the eroded lateral mo-
raines.  At the furthest extent of advance, the glacier de-
posited a large terminal moraine.  This moraine has now 
degraded, perhaps by sublimation of internal ice blocks 
or removal of debris through aeolian erosion.  This has 
left the hummocky material in unit B.   

 
Discussion: Lucchitta [4] also identified glacier-like 

features at the nearby Tharsis Montes.  Recent analysis of 
MOLA topography data confirm this result and conclude 
that cold-based glaciers were once on the west-northwest 
flanks of Arsia Mons [16, 17] and Pavonis Mons [18, 
19].  Cold-based glaciers are made up of ice that is en-
tirely below the melting point; thus, it flows through in-
ternal deformation and there are no melting features as-
sociated with the glacier.  It is likely that most mountain 
glaciers on Mars would be cold-based [17].   

The glacial features found around the Tharsis Mon-
tes are far more extensive than those at Olympus Mons.  
This implies that a greater quantity of ice was available at 
the Tharsis Montes.  Since all of these volcanoes are in 
the equatorial regions, it seems likely that they were gla-
ciated at the same time.  If water ice were stable at one 
location, it should be stable at the others. However, the 
fact that Olympus Mons had smaller glaciers implies that 
the conditions there were not as favorable for surface ice.  

One possibility is that Olympus Mons was more active at 
the time; a higher geothermal flux in this region could 
prevent large build-ups of ice. 

The Tharsis glaciers have more moraine features and 
less debris-covered glacier features than the Olympus 
Mons deposits.  This implies that the Olympus Mons 
deposits had higher debris to ice ratios.  This could be 
due to the presence of the basal escarpment.  The scarp 
provides a source of debris that glaciers at the other de-
posits would not have.  Other debris sources include vol-
canic ash and aeolian dust.  

 
 References: [1] Mouginis-Mark, P. J. et. al. (1992) in 

Mars [ed.by H. H. Kieffer et al] pp.424-452. [2] Carr, M. H. et 
al. (1977) JGR 82, 3985-4015.  [3] Blasius (1976), Ph. D. the-
sis, California Institute of Technology, Pasadena, CA. [4] Luc-
chitta, B. K. (1981) Icarus 45, 264-303. [5] Moore et al (1989) 
JGR, 94, 17465-17484. [6] Moon, V. and Simpson, C. J. (2002) 
Engineering Geology, 64, 41-64. [7] Ablay, G. and Hürlimann, 
M. (2000) J. Volc. Geotherm. Res, 103, 135-159. [8] Laberg, J. 
S. and Vorren, T. O. (2000) Marine Geology, 171, 95-114. [9] 
Tanaka, K. L. (1985) Icarus, 62, 191-206. [10] Lopes, R. et al. 
(1982) JGR, 87, 9917-9928. [11] Francis, P. W. and Wadge, G. 
(1983) JGR, 88, 8333-8344. [12] Morris, E. C. (1982) JGR, 87, 
1164-1178. [13] Martin., H. E. and Whalley, W. B. (1987) 
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Martin, H. E. (1992). Prog. Phys. Geography, 16, 127-186. [15] 
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EROSIONAL MORPHOLOGIES AND CHARACTERISTICS OF LATITUDE-DEPENDENT 
SURFACE MANTLES ON MARS. R. E. Milliken and J. F. Mustard, Dept. Geological Sciences, Brown 
University, Box 1846, Providence, RI 02912   Ralph_Milliken@brown.edu 

Introduction: Latitude-dependent layered deposits 
and terrains on the surface of Mars were first observed 
in Mariner 9 images [1]. Similar layered deposits were 
later observed in higher-resolution Viking images, as 
well as lobate debris aprons, lineated valley fill, 
concentric crater fill, and terrain softening. The latter 
group of features were confined to the mid-latitude 
regions and were attributed to viscous creep of ice-rich 
material [2,3,4]. In addition to these observations, 
recent high-resolution images acquired by the Mars 
Orbiter Camera (MOC) onboard the Mars Global 
Surveyor (MGS) mission revealed a distinct surface 
morphology present in the mid-latitude regions [5,6,7].  

Mustard et al. [5] described this mantle terrain as a 
young, smooth, thin (1 - 10 m), layer of an ice-dust 
mixture. The terrain was identified by its distinctive 
style of erosion, which results in a pitted or ‘dissected’ 
texture. Like the features mentioned above, this 
dissected mantle terrain (DMT) is only observed 
within certain latitude bands (±30-60°), and higher 
latitudes appear to be covered with a thicker, intact 
mantle [5,8]. MOLA data for these latitude bands show 
a decrease in surface roughness at short baselines for 
latitudes greater than ~45° [9, 10] and a decrease in 
concavity between ~30-60° in both hemispheres that 
matches the peak occurrence of the DMT [11]. The 
interpretation of these smooth, high-latitude deposits as 
ice-rich airfall mantles [9] is supported by the presence 
of high abundances of near-surface ground ice as 
determined by Mars Odyssey data [12, 13, 14]. 
Latitudes greater than ±60° also host many surface 
features (polygons, cracks, etc.) attributed to 
periglacial processes, further supporting the presence 
of ice-rich deposits at these latitudes [15]. 

These previous observations provide clear evidence 
for hemispherically symmetrical, layered, latitude-
dependent deposits. Mustard et al. [5] interpreted the 
mid-latitude mantle terrain to represent airfall 
deposition of an ice-dust mixture during the most 
recent period(s) of high obliquity. The current 
instability of near-surface ice in the mid-latitudes 
results in sublimation and removal of the mantle. At 
higher latitudes, however, near-surface ice is currently 
stable. The lines of evidence outlined above are proof 
of the presence of ice-rich deposits within the high-
latitudes of Mars. If it is true that the previous extent of 
these deposits reached the lower mid-latitudes, the 
current morphology and degradation state of the 
mantle terrains may give insight to past or current 
erosional processes, local variability in near-surface 
ground ice stability, changes in mantle thickness 
and/or composition, and improved age estimates. Of 
the 13,000 MOC images we have examined to date, 
~1,700 contain the DMT. This work concentrates on 

re-examining this subset of images in an attempt to 
characterize the different morphologies, erosional 
styles, and properties of the observed latitude-
dependent surface mantles.  

Observations:  For simplicity, the latitude-
dependent mantle deposits will be spatially classified 
in the following manner: latitudes less than ~ ±30° do 
not currently exhibit the mantle terrain and will be 
classified as “unmantled”; the eroded or dissected 
terrain described by Mustard et al. [5], present 
between ±30-60°, will be referred to as “dissected 
mantle terrain” (DMT); the thicker, intact mantle 
deposits commonly found at latitudes greater than ~ 
±60° will be referred to as “mantled”. Where present, 
the mantle terrains are not homogenous at all latitudes. 
The morphology and erosional styles of the DMT, for 
instance, is variable with latitude. Though many styles 
are observed, we have classified three major erosional 
morphologies of the DMT. 

Localized Complete Removal  The first erosional 
morphology will be referred to as “localized complete 
removal”. As the name suggests, this type of erosion is 
characterized by areas of smooth, intact mantle 
adjacent to areas where that mantle has been 
completely removed to reveal a rougher underlying 
unit (Fig. 1a). It cannot always be determined if this 
underlying unit is bedrock, and it is clear in some 
MOC images that the removal of the uppermost layer 
has revealed a stratigraphically lower mantle layer 
(Fig. 1a). Unlike the top layer, the underlying mantle 
layer is highly degraded and cratered in several images 
This suggests that some of the underlying mantle 
layers are much older, and may represent periods of 
deposition prior to the most recent periods of high 
obliquity.  

Areas of the DMT with clear examples of layering 
are restricted almost entirely to this erosional style and 
are typically only found between ±30-40° (Fig. 2). The 
localized complete removal erosion style is most 
commonly found between ±30-50°, with a peak 
occurrence near ±30° (Fig. 3a). 
Knobby and Wavy Dissection  The second erosional 
style is a surface texture dominated by small bumps, 
knobs, or ripples. This type of DMT is classified as 
“knobby and wavy” dissection and is identified by 
areas of smooth, intact mantle adjacent to areas of 
incomplete removal of the mantle. Areas covered by 
the knobby texture (Fig. 1b) and/or wavy texture (Fig. 
1c) obscure the substrate and represent an intermediate 
stage of removal of the mantle terrain.  
The knobby texture often grades into series of lineated 
knobs, which then grades into the wavy texture as 
latitude increases. Images that show only the wavy 
texture are uncommon, and most areas of DMT that 
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Figure 1. Examples of the major classes of dissected mantle terrain. a) localized complete removal; smooth intact mantle 
adjacent to areas of complete removal (on shadowed slopes); layers of the mantle are visible on the shaded side of the right-hand 
slope. b) knobby texture; areas of smooth mantle adjacent to areas of incomplete removal; typically grades intoor is found with c) 
areas of wavy texture, which have a lineated appearance. d)  large scallops and total mantle cover; this mantle unit is thicker than 
in a) and the substrate is not visible; mantled areas poleward of this morphology are typically not dissected

fall within this category exhibit both knobby and wavy 
textures. The wavy texture can appear quite dune-like, 
but can be distinguished from dunes by its occurrence 
on steep slopes (with “waves” oriented perpendicular 
to slope direction), gradation into areas of smooth 
mantle (not superposed on the mantle), and gradation 
into areas of knobby texture. This morphology, 
specifically the knobby texture, is often found on the 
surface of lobate debris aprons and thicker mantle 
deposits on pole-facing crater walls. The knobby and 
wavy texture is most commonly found between ±30-
55°, with a peak occurrence at ~ ±45° (Fig. 3b). 

Scalloped Terrain  The third and final erosional 
from of the DMT that we have observed is 
characterized by removal or depressions of large 
sections of mantle, giving the surface a “scalloped” 

appearance (Fig. 1d). This morphology is not as 
spatially extensive as the previous two, but is quite 
common in several localities (such as northern Utopia). 
Typically found at latitudes greater than ±40°, with a 
peak occurrence at ~ ±55° (Fig. 3c), this style of 
erosion transitions from small “scallops” at lower 
latitudes to large “scallops” (Fig. 3d) at higher 
latitudes. The wavy texture described above commonly 
grades into the small scallop texture, with no well-
defined  boundary. The mantle associated with this 
morphology is typically thicker than the mantle found 
at lower latitudes, lacks craters, and is commonly 
associated with polygons and cracks, which may be 
related to periglacial processes [15]. The depth of the 
scallops varies from several meters to several tens of 
meters, but the substrate is typically not exposed. This 
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also suggests that the mantle is much thicker at higher 
latitudes than at latitudes where the localized complete 
removal and knobby and wavy textures are observed. 
The scalloped terrain and the surrounding intact mantle 
often have a bumpy, stippled texture that is 
characteristic of the undissected, mantled regions at 
high latitudes [10].  
 

 
 
Figure 2.  Distribution of examined MOC images with 
DMT (white) and images with multiple layers of 
mantle (yellow). This type of layered mantle is 
primarily found between ±30-40°. 
 

Total Mantle Cover  MOC images that are 
completely mantled with the deposits discussed above, 
with no exposed substrate, are classified as regions of 
“total mantle cover”. As previously mentioned, areas 
where large “scallops” are found often fall into this 
category, where regions of small “scallops” (lower 
latitudes) do not. This is visible in Fig. 3c, which 
shows that the latitude range of total mantle cover 
encompasses part of the scalloped terrain distribution. 
It should also be noted that most areas of total mantle 
cover lie outside of the DMT latitude bands and, as 
expected, lie within the mantled latitude bands. This 
category of total mantle cover is not part of the DMT 
subset of MOC images, but rather a separate category. 
This category was not part of our initial classification 
and thus represents an incomplete subset of the 13,000 
MOC images examined. This is evident by the spatial 
heterogeneity of this category (Fig. 4), which we 
believe is solely due to a smaller sample size relative 
to the other categories. Latitudes greater than ~ ±60° 
are believed to be completely mantled at all longitudes, 
which is supported by the Mars Odyssey neutron 
spectrometer and GRS data [12, 13, 14]. 

Discussion:  The latitude distributions and 
frequency of occurrence of these different 
morphologies (Figs. 3, 4) suggests that sublimation, 
erosion, and removal of the latitude dependent mantles 
is gradational. The lowest latitudes that contain the 
DMT are dominated by localized complete removal of 
a smooth, layered mantle. The occurrence of this 
morphology decreases with increasing latitude and 
grades into a knobby and/or wavy texture. This style of 
incomplete dissection represents the transitional zone 
between localized complete removal and total mantle 
cover. This can be seen by the Gaussian-like shape of 

the knobby and wavy histogram (Fig. 3b), which has 
an upturn as localized complete removal decreases and 
a downturn as total mantle cover increases. The DMT 
latitude bands are regions of transient stability of near-
surface ground ice, which is controlled by obliquity, 
precession, and eccentricity [16]. Stable in these 
latitudes during previous periods of high obliquity, 
near-surface ice-rich deposits are currently unstable 
and would experience sublimation and erosion, 
consistent with the presence of the DMT [5]. The 
different erosional styles of the mantle in these regions 
may be a result of the slow poleward progression of 
the maximum zone of erosion due to ice-instability. As 
obliquity decreases, the equatorial latitudes would be 
affected first, the mid-latitudes second, and the high-
latitude regions last.   

The observation that the maximum removal 
(localized complete removal) of the DMT occurs at the 
lowest latitudes where the mantle is observed is in 
agreement with this. Furthermore, incomplete removal 
(knobby and wavy morphology) of the DMT may 
represent thicker mantle units at slightly higher 
latitudes that are still experiencing erosion today 
(though any ice currently present would probably 
reside below a meters-thick desiccated layer). These 
mid-latitude regions would be the previous maximum 
zone of erosion due to ice-instability, in which most or 
all of the ice has been removed and the lag deposits of 
loosely cemented dust are now being removed by 
strong winds. The highest latitudes, which are eroded 
the least (total mantle cover), may represent even 
thicker mantle deposits that are experiencing minimal 
sublimation and erosion today. In this scenario, the 
regions of large “scallops” (centered at ~ ±55°) would 
be the current maximum zone of erosion due to ice-
instability and poleward limit of dissection due to near-
surface ice instability. As obliquity increases 
(decreases), new ice-dust layers would be deposited 
(removed) at lower latitudes, with the equatorward 
extent determined by the amount and rate of water 
vapor transport and the maximum (minimum) 
obliquity. The mantles are smooth, locally 
homogeneous layers that cover the surface uniformly, 
independent of local geology, topography and 
elevation. This morphology is most consistent with an 
orbitally-driven airfall deposit [5, 8, 9]. Moderate-to-
high obliquity periods of minimal or non-deposition, 
coupled with moderate-to-low obliquity periods of 
extensive removal would cause “unconformities” in 
this layered sequence. The mantle observed in the 
transitory mid-latitude bands may have been deposited 
in this manner, which could account for the differences 
in degradation and crater frequencies between 
superposed layers.  

Conclusions: Latitude-dependent layers, 
interpreted to be atmospherically derived ice-dust 
deposits, exhibit a variety of textures, morphologies, 
and characteristics. The mid-latitude bands, which host 
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the DMT, viscous flow features, lobate debris aprons, 
and terrain softening, have been regions of ephemeral 
ice-stability over the past few million years. The 
textures and degradation states of the mantle observed 
in these latitudes today suggest sublimation, erosion, 
and removal have been the dominant processes since 
their emplacement. The smooth, thicker, intact mantles 
observed at higher latitudes, regions of temporally 
longer ice-stability, suggest that these same processes 
have not been dominant at these latitudes in recent 
history. Accumulation of ice-rich mantle layers at high 
latitudes and removal of ice-rich mantle layers at lower 
latitudes accounts for the variations in thickness, 
texture, degradation state, and may be linked to 
differences in past or present composition (i.e. ice 
content) of the mantles. Examining the morphologies 
and characteristics of these terrains gives insight into 
where ice-rich deposits exist on or below the surface 
today that could be accessed by future robotic 
missions. 

References:  [1] Soderblom et al., JGR, 78, 4117-4122, 
1973; [2] Squyres, S. W., Icarus, 34, 600-613, 1978; [3] Squyres, S. 
W. and M. H. Carr, Science, 231, 249-252, 1986; [4] Squyres et al. 
in Mars, Univ. Arizona Press, 1992; [5] Mustard et al., Nature, 412, 
411-414, 2001; [6] Malin, M. C. and K. S. Edgett, JGR, 106, 23429-
23,570, 2001; [7] Carr, M. H., JGR, 106, 23,571-23,593, 2001; [8] 
Milliken et al., JGR, in press, 2003; [9] Kreslavsky, M. A. and J. W. 
Head, JGR, 105, 26695-26711, 2000; [10] Kreslavsky, M. A. and J. 
W. Head, GRL, 29, 2002; [11] Mustard et al., LPSC 34, 2003; [12] 
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Figure 4.  Distribution MOC images with localized 
complete removal (yellow), knobby and wavy (blue), 
and scalloped and total mantle (red) morphologies. 
These three categories show a remarkable latitude 
dependence. Degree of erosion and removal decreases 
with increasing latitude in each hemisphere. 
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Figure 3.  Histograms of the major morphologies of 
the mantle terrain. Data is in 2.5° latitude bins. a) 
localized complete removal. b) knobby and wavy 
dissection. c) scalloped (orange) and total mantle cover 
(red). 
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Introduction:  The martian surface is dominated by 

igneous materials whose mineralogy and composition 
have been investigated through remote sensing studies 
[e.g. 1,2]. MGS TES identified two major spectral 
shapes that dominate the dark regions of Mars [1].  The 
spectral type interpreted as plagioclase-rich basalt [1,2] 
occurs almost exclusively in dark regions of the south-
ern highlands and Syrtis Major while the spectral type 
interpreted as plagioclase- and glass-bearing andesite 
(or basaltic andesite) is found in dark regions across 
the planet [1]. 

The interpretation of the latter spectral shape as 
andesitic largely depends on the SiO2-rich nature of the 
glassy component utilized in deconvolutions of TES 
spectra [1]. The compositions of the glasses utilized in 
the TES deconvolutions originate from analyses of 
interstitial glasses found in andesitic rocks [3]. How-
ever, these interstitial glass compositions may not be 
relevant to the mafic lithologies observed by TES in 
southern highland and Syrtis Major dark regions and 
present in the current collection of the martian meteor-
ites.  How do the compositions and spectral properties 
of interstitial glasses present in mafic materials compare 
to those of glasses currently available as deconvolu-
tion endmembers?  Could incorporation of new glass 
endmembers into deconvolutions of TES spectra alter 
conclusions about the mineralogy and composition of 
dark region materials?  This work seeks to answer these 
questions by establishing the compositions and spec-
tral characters of interstitial glasses relevant to mafic 
igneous rocks on Mars. 

Relevant Compositions:  Basaltic materials on Mars 
can be divided into two categories: martian meteorite 
basalts and TES basalts.  Martian meteorite basalts 
have FeO-rich, Al2O3-poor (relative to most terrestrial 
basalts) compositions which result in pyroxene-rich, 
plagioclase-poor mineralogies (Table 1, [e.g. 4]).  The 
martian meteorite basalt composition in Table 1 has 
been linked to members of each major martian meteorite 
class: shergottites [5], nakhlites [6] and Chassigny [7]. 
TES basalt has plagioclase as a dominant component 
[e.g. 2], which leads to a compositional and mineralogi-
cal resemblance to terrestrial basalts (Table 1). The 
connection between TES basalt and terrestrial basalts 
is demonstrated by the good qualitative match of Dec-
can flood basalt and TES basalt spectra [2]. The two 
basalts offer starting comp ositions from which to ex-

plore the range of interstitial glass compositions that 
could be present in martian basaltic lithologies. 

Dry interstitial melts. The crystallization of basalts 
containing no water leads to a specific set of interstitial 
melt compositions.  Laboratory studies of martian me-
teorite and terrestrial (in analogy to TES basalts) basalt 
crystallization provide insight into interstitial melt com-
positions that result from dry basalt crystallization [e.g. 
4,8]. Interstitial melt compositions in basalts (terrestrial 
or martian) remain basaltic over large portions of the 
dry basalt crystallization sequence because the propor-
tion of SiO2 that plagioclase and pyroxene remove from 
the melt during crystallization roughly equals the SiO2 
content of the initial basalt. Interstitial melt composi-
tions initially resemble the composition of the initial 
basalt but continuous plagioclase and pyroxene crys-
tallization eventually lead to basaltic interstitial melts 
that are MgO-poor, Al2O3-poor and FeO-rich relative to 
the initial basalt comp osition [e.g. 8].  

The interstitial melt composition of a crystallizing 
dry basalt deviates from a basaltic composition upon 
crystallization of Fe-Ti oxide minerals. The removal of 
Fe-Ti oxides, which contain no SiO2, from a crystallizing 
basalt causes the SiO2 content of the interstitial melt to 
increase leading to andesitic interstitial melt composi-
tions. At large enough degrees of crystallization (80-
90%), Fe-Ti oxide crystallization leads both terrestrial 
and martian meteorite basalts toward similar SiO2-
enriched interstitial melt comp ositions (Table 1, Figure 
1).  A factor that can also influence Fe-Ti oxide crystal-
lization is the oxygen fugacity (fO2) of a crystallizing 
basalt.  Higher fO2’s facilitate and lower fO2’s hinder 
Fe-Ti oxide crystallization [e.g. 4]. Compositions of in-
terstitial melts during dry basalt crystallization are rela-
tively insensitive to changes in oxygen fugacity, how-
ever, because Fe-Ti oxide crystallization occurs in the 
late stages of basalt crystallization even in FeO-rich 
basalts at moderately high fO2’s [4]. 

 Overall, interstitial melts that are relevant to dry 
crystallization of basalts associated with Mars can be 
grouped into three compositions (Table 1): 1) basalts 
that resemble the comp osition of the initial basalt 
(whether it is terrestrial or martian), 2) basalts that are 
MgO-poor, Al2O3-poor and FeO-rich relative to the 
initial basalt composition and 3) SiO2-enriched melts 
produced after large degrees of crystallization. 
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Table 1: Melt (glass) compositions expected in basaltic martian lithologies 
 Martian meteorite 

basalt1 
TES (terrestrial) 

basalt2 
Dry interstitial 
basalt (90%)3 

Wet interstitial 
basalt (50%)4 

Wet interstitial 
basalt (80%)5 

SiO2 51.5 50.7 56.9 59.8 66.2 
Al2O3 8.7 13.0 11.1 12.9 11.7 
TiO2 1.6 2.1 0.7 1.0 0.7 
MgO 7.1 6.3 1.0 1.4 0.9 
FeO 19.0 14.9 15.6 11.1 8.5 
CaO 8.5 9.3 7.4 6.2 4.3 
Na2O 2.3 2.8 2.9 3.8 4.0 
K2O 0.8 0.4 1.6 1.0 1.6 
P2O5 - 0.3 1.5 0.7 0.4 
MnO 0.5 0.2 0.2 0.3 0.3 

 
1 Initial melt composition for martian meteorites from [7]; consistent with similar melt compositions compiled by [5]. 
2 Initial melt composition of Deccan flood basalt that yields spectral match to TES basalt lithology [2]; composition 
normalized from 97.8% (~2.3% LOI) to 100%. 
3 Interstitial melt composition remaining after 90% dry crystallization of a basalt; derived from experiment results of 
[4]. 
4 Interstitial melt composition remaining after ~50% hydrous crystallization of a basalt; the composition resembles 
that of the interstitial melt composition in column 3; derived from experiment results of [4]. 
5 Interstitial melt composition remaining after 90% hydrous crystallization of a basalt; derived from experiment results 
of [4]. 

 
 
 
 
 

 
 
 

                       
Figure 1: Graphical representation of melt (glass) compositions relevant to martian basaltic lithologies. Red 
square = initial martian meteorite basalt; blue square = initial TES basalt; filled diamond = dry interstitial melt 
and wet interstitial melt after 50% crystallization; open diamond = wet interstitial melt after 80% crystallization. 
Interstitial melt compositions currently available in endmember libraries fall off the plot in the rhyolite field.  
Figure adapted from [3]. 
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Hydrous interstitial melts. Water has a known 
and significant effect on the composition of interstitial 
melts of a crystallizing basalt. Water hinders crystalli-
zation of silicate minerals but does not affect crystalli-
zation of Fe-Ti oxides, which effectively shifts the 
timing of Fe-Ti oxide crystallization to earlier in 
thecrystallization sequence of a hydrous basalt. The 
early and continuous crystallization of Fe-Ti oxides 
leads to an early and steady increase in the SiO2 con-
tent of interstitial melts during hydrous basalt crystal-
lization. Interstitial melt compositions are initially ba-
saltic, transition to andesitic compositions near ~50% 
crystallization and to dacitic compositions near ~80% 
crystallization (Table 1). The andesitic interstitial 
melts in hydrous basalts are similar in composition to 
the interstitial melt comp ositions in dry basalts at 
~90% crystallization (Table 1). Oxygen fugacity is 
more effective at influencing the composition of hy-
drous interstitial melts than dry interstitial melts. Hy-
drous basaltic melts crystallizing at higher fO2’s reach 
more SiO2-rich melt compositions for a given degree 
of crystallization than those crystallizing at lower 
fO2’s. At the highest oxygen fugacities associated 
with martian igneous processes (QFM, [9]), however, 
the SiO2 contents of interstitial melts do not exceed 
dacitic SiO2 contents [4]. 

While the interstitial melts of steadily increasing 
SiO2 content that exist at each stage of hydrous basalt 
crystallization could exist in martian basalts, three 
compositions should be broadly representative of 
interstitial melt compositions expected in crystallizing 
hydrous basalts: the initial basalt composition, the 
interstitial melt composition present at intermediate 
degrees of crystallization and the interstitial melt that 
is present at large degrees of crystallization (Table 1). 

Spectral Properties: With a range of interstitial 
glass compositions established that are relevant to 
martian mafic comp ositions (Table 1), the spectral 
variability represented by these compositions must be 
determined.  The interstitial glasses predicted to exist 
in martian mafic lithologies are expected to have spec-
tral differences from the glasses used in TES decon-
volutions, as demonstrated by Figure 2.  The signifi-
cant differences that exist between spectra of glasses 
with basaltic and rhyolitic compositions underscore 
the need for incorporating the spectra of glasses of a 
range of compositions into endmember libraries util-
ized for deconvolution of martian spectra. 

 
 
 
 
 
 

Future Work:  We intend to synthesize glasses 
of the compositions listed in Table 1 and obtain ther-
mal infrared spectra of the glasses in order to deter-
mine the spectral differences between them and the 
currently available glass endmembers used in TES 
deconvolutions. The spectra will ultimately be incor-
porated into mineral libraries used in deconvolution 
exercises. 
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JGR, 105, 9609-9621. [3] Wyatt, M.B. et al. (2001) 
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Figure 2: Mid-infrared spectra of two glasses.  The 
emissivity spectrum of obsidian (blue) is from the 
glass endmember utilized in deconvolution of TES 
spectra.  The biconical reflectance spectrum (pink, 
converted to emissivity) of basalt is from a pure 
glass of martian meteorite basalt composition [10]. 
The biconical reflectance spectrum of the basalt is 
not strictly comparable to the emissivity spectrum of 
the obsidian, but the spectra are sufficient to dem-
onstrate the significant differences in spectral char-
acter of glasses of differing compositions. 

Sixth International Conference on Mars (2003) 3246.pdf



VOLATILE CYCLING AND LAYERING ON MARS:  OBSERVATIONS, THEORY AND MODELING.  
M.A. Mischna1,2 D.J. McCleese2,3, M.I. Richardson2, A.R. Vasavada1, and R.J. Wilson4, 1University of California, 
Los Angeles, Los Angeles, CA 90095, 2California Institute of Technology, Pasadena, CA 91125, 3Jet Propulsion 
Laboratory, Pasadena, CA 91109, 4Geophysical Fluid Dynamics Laboratory, Princeton, NJ 08542. 

 
 

Introduction:  With the release of Mars Odyssey 
Gamma Ray Spectrometer (GRS) results [1-3], which 
indicate the presence of vast reservoirs of near-surface 
ice in the martian polar regions (Figure 1), we are pre-
sented with an exquisite dilemma.  These deposits, 
which are present as far down as 60º latitude in both 
hemispheres, are consistent with the suggestion of 
thermal models that ice will be best protected in these 
extended regions during periods of higher obliquity [4-
5].  However, the current paradigm regarding the 
placement of these deposits, i.e., diffusive deposition 
of water vapor, appears to be inconsistent with the 
large volume mixing ratios (~70%) inferred from the 
GRS data.  This apparent conflict argues that diffusion 
alone cannot be the primary mechanism for the crea-
tion of these reservoirs, and that an alternate, large-
scale process should be considered. 

Further, images of mantled, fretted and otherwise 
disaggregated terrain [6-9] (Figure 2) suggest that a 
more periodic volatilization/devolatilization is taking 
place on the martian surface, and may be more spa-
tially widespread than previously thought.  Areas of 
“pasted on” terrain on crater walls appear to show sur-
face ice draped by a fine, dust mantle, while numerous 
MOC images of the mid-latitudes (30°-70°) reveal 
broken-up, mantled terrain that bears the morphologi-
cal signature of past glacial or volatile-rich material.  
In many instances, such surface deposits appear to be 
cemented or otherwise physically altered.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Based, then, on theoretical models, spacecraft ob-
servations, and new climate modeling of Mars’ orbital 
cycles [10], we are led to an alternate conclusion about 
the ice deposits:  that they form as subaerial ice sheets, 
the result of atmospheric saturation and direct surface 
deposition.  This scenario not only provides a simple 
explanation for these observations, but may also help 
explain the formation of globally distributed, sedimen-
tary-layered deposits 

Figure 2: Volatile rich material in the high southern 
latitudes indicated by apparent flow down channel wall. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Surface ice distribution in northern (top) and 
southern (bottom) hemispheres, poleward of 60º latitude.  
Ice is nearly ubiquitous in polar regions. 

 

Spacecraft Observations:  Maps generated by 
the Mars Odyssey GRS team reveal the presence of 
massive ice deposits at latitudes poleward of 60º.  The 
depth to which the GRS instrument is sensitive is de-
pendent on the abundance on neutron-moderating hy-
drogen atoms, and therefore, is most shallow in re-
gions with a high hydrogen abundance.  We can thus 
infer that such deposits may be found only a few to a 
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few tens of centimeters below the surface, and are 
likely covered by a dessicated surface layer [1].  The 
thickness of such deposits is uncertain, but, by assum-
ing or stipulating values for surface thermal inertia, 
conductivity and crustal heat flow, as in [11], we can 
estimate that the bottom of such an ice rich layer is on 
the order of hundreds of meters deep. 

The GRS results show a distribution of near-
surface ice quite similar to the results of [4-5], based 
again, on the physical and thermophysical properties 
of the regolith.  In their diffusion models, water vapor 
passes through the pore spaces of the soil, in response 
to the ambient vapor pressure of the overlying atmos-
phere, a value which is, in part, orbitally-driven.  As 
obliquity varies, this vapor can freeze, sublimate and 
adsorb within and onto the regolith grains, according 
to the thermal forcing at any particular location.  One 
assumption of these models is the porosity of the soil, 
which, even for poorly-consolidated regolith, never 
exceeds ~40%.  In other words, the available volume 
for water vapor within the pore space is limited to 
40%.  The GRS data, however, yields abundances that 
are extremely high—as much as 70% by volume in the 
polar and sub-polar regions, and therefore emplace-
ment via diffusion does not seem wholly consistent 
with GRS observations. 

Ice Deposition Model:  We propose that ice sheets 
form at the surface, with diffusion into the subsurface 
being of only secondary importance.  Results from a 
full general circulation model (GCM) [10] support this 
contention.  Whereas presently ice is stable only at the 
poles (Figure 3a), under periods of higher obliquity, 
the latitudes of stable, perennial ice change.  An in-
crease in obliquity to 35º--approximately that reached 
at the last obliquity maximum—shifts this zone of sta-
ble water ice towards the mid-latitudes, between 50º 
and 70º (Figure 3b).  Ice will be deposited in large, 
localized sheets, predominantly during the wintertime, 
and in locations of favorable surface properties (i.e. 
high thermal inertia) and favorable atmospheric dy-
namics.  This ice, deposited at a rate of several milli-
meters to a centimeter per year, will survive through 
the summer.  Over time, ice in such regions may ac-
cumulate to potentially significant depths—model re-
sults indicate up to several tens of meters may be de-
posited locally over the course of a single high obliq-
uity excursion.   

Increasing obliquity to 45º, which is representative 
of the high obliquity excursions of 5-10 million years 
ago, pushes this region of stable water ice into the 
tropics, equatorward of 30º latitude (Figure 3c).  Under 
such extreme conditions, the deposition and accumula-
tion of ice is even more substantial, and may, in fact, 
be limited by the amount of volatiles available for sub-

limation and transport towards the tropics, a point we 
shall address in the next section. 

Based upon these model results, it seems possible 
that the GRS signature we are observing is not the 
present-day diffusion and freezing of water ice in pore 
space below a preexisting surface, but rather the rem-
nant of a deposited ice sheet(s) during past high obliq-
uity phases, covered by a lag. 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
Figure 3a:  Zonally-averaged surface ice (±75º 

latitude) at 25º obliquity run for 34 simulated martian 
years.  Ice abundance is in µm. 
 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3b:  Same as Fig. 3a, but for 35º obliquity.  

Ice abundance is in cm.  Surface ice predominantly 
located in high mid-latitudes, between 50º-70ºN lati-
tude. 
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Figure 3c:  Same as Fig. 3a, but for 45º obliquity.  

Ice abundance is in cm.  Surface ice predominantly 
located in tropics, between ±30º latitude. 

 
 
Dusty Ice Sheets:  Given a layer of pure water ice, 

we should expect sublimation to occur on timescales 
roughly equivalent to deposition, hence these large 
sheets would disappear on roughly 104 year timescales, 
leaving no residual by the occurrence of the next 
obliquity cycle.  However, the inclusion of a small 
fraction of dust with the ice, can alter the behavior of 
the ice dramatically.  We currently see exposed dust- 
and ice-rich regions on the martian surface (most nota-
bly the polar layered deposits [PLD]), so it is clear that 
a process of dust entrainment, deposition or sedimenta-
tion must take place during the creation of these areas.  
It has been suggested [12] that higher obliquity states 
are associated with higher atmospheric dust abun-
dances, so it is reasonable to assume that these lower 
latitude ice regions may contain at least a similar frac-
tion of dust than present-day polar regions.   

As the surface ice becomes unstable and sublimes, 
the dust will accumulate near the surface, slowly creat-
ing a thicker lag deposit, and lowering the ability of 
subsequent water vapor to reach the atmosphere.  Such 
a lag deposit of perhaps only a few tens of centimeters 
to a meter [13] is all that is required to maintain the 
stability of the underneath ice.  The dry valleys of Ant-
arctica provide a terrestrial analog to this process.  
Marchant et al. [14] indicate the presence of such a lag 
deposit (“sublimation till”) over Miocene-aged glacier 
ice in the Beacon Valley, Antarctica that has effec-
tively shielded the remaining glacier ice from further 
sublimation.  The required depth of such a till was 
between 40-70cm.  Assuming a 10% dust content on 
martian ice (and that the martian atmosphere behaves 
in a similar way to the terrestrial one), it would require 

the sublimation of 4-7m of surface ice to achieve simi-
lar depths. 

Once the lag deposit is in place, remaining ice 
would be effectively shielded for the remainder of the 
obliquity cycle, or ~105 years.  Slow diffusion up 
through the lag, and down into the regolith may still 
occur, but on timescales sufficiently long to insure the 
survival of some ice over obliquity timescales.  This 
process may reoccur during the next obliquity cycle, 
creating a new dust/ice layer on top of any previously 
existing dust/ice layers. 

 

As we mentioned in the previous section, during 
very high obliquity, the deposition of surface ice may 
be source-limited, a result of the very process we in-
voke to maintain ice stability at lower latitudes.  
Should sublimation at the polar caps become too ex-
tensive, a sublimation lag may develop, cutting off the 
primary source of volatiles to the rest of the planet.  So 
while ice may be stable in the tropics, for example, at 
45° obliquity, there may be a lack of vapor with which 
to build up a substantial tropical ice reservoir. 

We may speculate about processes by which such a 
constraint may be avoided.  A novel approach involves 
the “scrubbing” of the atmosphere during low obliq-
uity periods, as water ice returns to the poles.  During 
low obliquity, the maintenance of a strong polar vortex 
may inhibit the transport of dust to the poles, while 
allowing atmospheric vapor to readily diffuse pole-
ward.  Along with the concentration of surface ice due 
to the unequal surface areas involved, this mechanism 
may make the development of a sublimation lag ex-
tremely difficult in the poles. 

And so we have developed a simple mechanism for 
the global distribution of water ice by invoking only 
orbital parameters and the thermophysical conditions 
of the surface, which is illustrated in Figure 4.  The 
deposition of a layer of dusty ice at a given location 
will commence once ice at that latitude becomes stable 
(b).  The period of time for which ice will be deposited 
is clearly dependent on the length of time that obliq-
uity is above some “critical” value, which is different 
for each latitude.  Once Mars’ obliquity drops below 
this “critical” value, ice at lower latitudes is thermally 
unstable, and will quickly sublime (c), leaving behind 
the residual lag deposit.  For the remainder of the 
obliquity cycle, ice beneath this lag is quasi-stable and 
will remain at least until the following obliquity cycle 
(d).  At this point, we argue that one of two processes 
may occur.  If obliquity again rises above the “critical” 
value, a new layer of ice and dust may form on the 
new surface.  Such behavior may already be seen in 
the PLD, for which exposed layers of ice-dust-ice are 
readily apparent.  If, however, obliquity does not again 
rise above the “critical” value, subsequent mechanisms 
may act to modify the surface and near surface, includ-
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ing the deposition or movement of dust or sand, and 
other processes responsible for creating the surface 
morphology observed in these regions. 
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Discussion:  We have shown that the existence of 
mantled ice sheets in the high latitudes of Mars where 
the GRS water abundance is highest appears plausible 
on the basis of imaging observations [6-7];  indeed, 
some of these observations suggest the presence of 
more extensive and now substantially devolatilized 
deposits at even lower latitudes [6].  We note that this 
scenario suggests something foundational to our un-
derstanding of Mars climatic and geologic history:  
that ongoing volatile redistribution due to changes in 
obliquity and other orbital elements can generate ex-
tensive sedimentary deposits of ice and/or lag.  Accu-
mulation of these units may be an important mecha-
nism in the formation of mid- and low-latitude layered 
terrains [8].  The advantage of the layering mechanism dis-
cussed above is its simplicity.  A single mechanism for 
ice distribution can be used to explain both layered 
volatile and layered sedimentary deposits presently 
observed on the martian surface [8].  It requires no ad 
hoc assumptions about the properties of the surface, or 
the presence of liquid water.  Indeed, the only assump-
tion we must make (which is well grounded) is that 
dust must be present along with ice during deposition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4:  Timeline of surface layering mechanism over obliquity timescales (indicated times are phase dura-
tions, not accumulated time during process). a) initial exposed regolith b) becomes site for residual ice deposi-
tion due to variation in astronomical elements.  Accumulation goes on for ~104 yrs before c) elements change 
again, area becomes unstable for water ice and net sublimation occurs. However, dust in ice accumulates dur-
ing sublimation, and generates an isolating lag within 101-102 years than can d) greatly reduce ice loss over an 
astronomical cycle. The cycle can continue, developing layers or area may become buried in unconsolidated 
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Introduction:  High Energy Neutron Detector 

(HEND) is the part of Gamma-Ray Spectrometer suite 
onboard NASA Mars Odyssey orbiter [1-4]. During 16 
months of mapping stage of Odyssey mission HEND 
has accumulated the set of maps of neutron emission 
of Mars at more than seven decades of energies range 
from the Cadmium threshold of 0.4 eV up to 15 MeV.  
These maps present very large variations of neutrons at 
different regions of Mars and they also show quite 
strong changes along Martian seasons.  

Data reduction: Neutron emission from the sur-
face of Mars is produced by the bombardment of ga-
lactic cosmic rays, which freely propagate through the 
thin atmosphere. The flux of neutrons is generated in 2 
meters of subsurface and leak up to the orbit of Odys-
sey through the atmosphere. HEND measures neutrons 
on the orbit with altitude of about 400 km. The flux of 
cosmic rays in the vicinity of Mars was quite stable. 
All strong solar particle events were excluded for 16 
months of the accomplished mapping, but the thick-
ness of atmosphere has been changed and the seasonal 
deposition of carbon dioxide took place at polar re-
gions of Mars. Therefore, to study the content of water 
in different regions  one has to study frost-free surface 
of Mars, when there is no seasonal deposition of CO2, 
and to take into account the variable thickness of the 
atmosphere. Time variations of neutron flux from 
Mars due to winter deposition of CO2  are considered 
in the another paper [5]. In the present paper we will 
study the spatial variation of neutrons from the frost-
free surface of Mars, which represents the difference 
of water content in the subsurface. The maps of neu-
tron flux on the orbit above the frost-free surface of 
Mars are presented in Figures 1 and 2. 

We split the entire surface into 32 regions with 
similar fluxes of neutrons. The regions may be distin-
guished one from anther not only by neutrons emis-
sion, but by geological properties, elevation, surface 
morphology, etc. The key criteria for selection of a 
particular region is applicability of the single model 
for its description with the set of particular parameters 
for subsurface water distribution. The subject of this 
paper is to develop the models of vertical distribution 
of shallow water for the set of 32 distinguishable re-
gions of Mars, which provide the best fitting of HEND 
observational data measured above them.  The set of 

32 regions include the Solis Planum, Terra Meridiani, 
Arabia Terra, Isidis Planitia, Elysium Planitia, Valles 
Marineris and Tarsis Monts at the equatorial belt, Hel-
las Planitia, Acidalia Planitia and Utopia Planitia at 
medium latitudes, several polar regions with water-ice 
rich permafrost around the north and south poles.  

 
Fig 1. Emission of epithermal neutrons by frost-

free surface of Mars. 
 

 
Fig 2. Emission of fast neutrons by frost-free sur-

face of Mars. 
 

Model: The simplest description of the vertical dis-
tribution of the water in the subsurface is associated 
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with three-layered model of Mars subsurface. The up-
permost layer is the atmosphere. It is known to vary 
from day to night and with Martian seasons. The thick-
ness of atmosphere is determined according to com-
monly accepted NASA Ames model and according to 
the average elevation of the distinguished region. The 
subsurface is divided into two layers of horizontal 
stratification, which might have the different content 
of water. The upper most layer of tens centimeters may 
be relatively dry because water ice sublime into the 
atmosphere. Its has a thickness h and a water content 
ηup.  The lower layer could have higher content of wa-
ter ηdown.  

Results: The HEND observational data from 4 in-
dependent detectors is used to get the best fitting pa-
rameters (h, ηup and ηdown) of water vertical distribu-
tion for each distinguishable region of Mars.  

The variations of these parameters for different re-
gions of Mars characterize the past hydrological evolu-
tion of the planet. Possible correlation is tested be-
tween statistics of these parameters for different re-
gions and their geophysical properties and/or surface 
morphology. The origin of water-rich soil around 
equator is discussed using the models of vertical dis-
tribution of shallow water in these regions. 

The nature of Martian permafrost around poles 
with high content of water ice is considered according 
to the best fitting models. The mechanism of layered 
deposition of water at epochs with high obliquity  is   
discussed [6]. Using neutron data from 
HEND/Odyssey, the model with multiple deposition 
layers of water ice and soil is tested in the comparison 
with the model with two-layer of the subsurface.  
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Introduction:  The interest for Martian water ice 
clouds has recently taken a new extent given their 
likely involvement both in climate and in the hydro-
logical cycle [1]. Previous related microphysical 
studies have already discussed the complex interac-
tions between airborne dust and clouds [2]. Whereas 
water ice mantles upon dust cores enhance sedimen-
tation rates and thus possibly change the vertical 
distribution of dust and water, the advection of 
clouds by winds could also modulate the geographi-
cal distribution of volatiles. Within this context, only 
3D modeling based on the use of Martian General 
Circulation Models (MGCM) is able to give us a 
consistent clue of the global climatic aspects of Mar-
tian clouds.  

Alike their terrestrial counterparts, Martian 
clouds feature patchy structures that can not be eas-
ily caught by the coarse spatial resolution of GCMs. 
On the other hand, the major manifestations of Mar-
tian nebulosity, such as the “aphelion cloud belt” [1] 
or the “polar hoods” [3], evolve on horizontal scales 
that are suitable to a GCM representation.  

The study presented here is part of a project con-
ducted with the MGCM developed in a French labo-
ratory (LMD). Our final objective is to dispose of a 
model capable of simulating Martian climate while 
accounting for the radiative feedback of water ice 
clouds. The current stage of development does not 
allow us to treat the effects of clouds on the radiative 
budget. However, we have implemented a simplified 
cloud scheme enabling the prediction of nebulosity 
as a function of space and time.  

The purpose of this paper is motivated by the 
will to highlight the considerable role of clouds as a 
mobile reservoir for water. Even though [9] have 
already shown the sensitivity of the hydrological 
cycle to the microphysical properties of water ice 
crystals, we would like to give this effect a more 
quantitative assessment through a comparison of two 
cloud schemes differing by their conceptual assump-
tions. Each of these models, along with their respec-
tive results, will be compared to observational data. 
Their mutual differences will be discussed in order 
to grasp the net effect of clouds on the geographical 
distribution of water on Mars. 

Model description: “Core” component.  The 
LMDs MGCM is a grid point dynamic model devel-
oped to study meteorological phenomena of the Mar-
tian atmosphere. A complete description of both the 
dynamical and physical parts of the model is given 
in [5]. One novel aspect of this model has been 
achieved owing to the recent soundings of the TES 
spectrometer. Indeed, the geographical distribution 

of dust –the unique input of the radiation code– has 
been adjusted in order to satisfy a large set of ob-
served temperature profiles. This ad hoc prescription 
of dust guarantees a consistent background to study 
species like clouds which are extremely sensitive to 
their thermal environment. In the following, we will 
mostly emphasize the specific routines used to repre-
sent the physical processes affecting water vapor and 
ice. All the results presented throughout this paper 
have been obtained using a spatial resolution of 
48x32x25; i.e. 48 longitudinal points-32 latitudinal 
points and 25 points irregularly spread on the verti-
cal axis. 

Volatile transport.  Since variations with space 
and time of the dust quantity are prescribed, only 
water vapor and ice are physically transported in the 
model. The MGCM dynamical core includes a built-
in advection scheme (based on a Van-Leer formula-
tion) used to solve the transport of tracers by the 
model resolved winds. In addition, each phase of 
water is vertically redistributed in a way depending 
on the turbulent kinetic energy diagnosed by the 
model in each grid box. This additional transport, 
akin to a diffusion process, is commonly employed 
to simulate “eddy mixing”. This method is also ap-
plied to compute water fluxes between surface and 
air wherever a ground layer of ice is susceptible of 
subliming. 

Sources and sinks.  In a future version of the 
model, regolith adsorption will be accounted for 
together with our cloud scheme. This task is cur-
rently undergone but is not included in this version. 
As a consequence, the unique ground source of wa-
ter is prescribed north of 80°N where the water ice 
permanent cap (called NPC in the remainder of the 
paper) has been identified. A “thick” dry ice deposit 
is set south of 85°S in order to simulate cold trap-
ping by the CO2 residual cap. 

Microphysical processes.  The first cloud scheme 
(basic cloud model) does not allow water ice to be 
transported neither vertically nor horizontally; at-
mospheric water ice is not even considered as a 
tracer. This cloud scheme follows the one described 
by [6]; i.e. whenever relative humidity in a grid box 
is larger than 100%, the excess is instantaneously 
transferred to the next lowest layer. This process is 
continuously repeated all over the atmospheric col-
umn and can ultimately lead to water ice deposition 
on the surface.  
The second, “reference”, cloud scheme (evolution 1 
scheme) adopts parametrizations fulfilling most of 
the elementary requirements of microphysics. As 
mentioned previously, we do not consider dust as a 

Sixth International Conference on Mars (2003) 3117.pdf



Water ice clouds in a MGCM: Montmessin et al. 

 

“physical” quantity: we therefore make abstraction 
of dust-cloud interactions. Whereas such a physical 
coupling likely influences cloud evolution, its esti-
mation suffers a lack of experimental data (for in-
stance, the efficiency of nucleation on dust grains 
remains poorly constrained). In order to keep a 
somewhat realistic approach, we specify a number of 
condensation nuclei N in each grid box as a function 
of latitude and time used as an input to our micro-
physics scheme in order to compute the mean radius 
of ice crystals in a grid box. Our method employs a 
first order moment determination of cloud properties 
since only one three dimensional field is allocated to 
water ice, namely its mass mixing ratio M. The 
variation of M during a time step is computed while 
considering processes of condensational growth, 
gravitational settling and transport.  
In both models, we have included the ability of wa-
ter ice deposits to modify surface properties. Conse-
quently, the local surface albedo is set to a value of 
0.4 wherever an ice layer thicker than 5 µm is pre-
dicted by the model. This value appears reasonable 
as regards to the work of [7].  

Simulation results: Driving mechanisms of the 
Martian water cycle have been deeply studied and 
progressively reveal their nature (e.g. [8], [4]). For 
this reason, we will only focus on the specific ques-
tion of cloudiness, assuming that salient features of 
the water cycle are already known by the reader. 

 
Figure 1: Hemispheric integrated water vapor mass (in GTon) as 

a function of solar longitude (HN: northern hemisphere, HS: 
southern hemisphere). Simulated evolution of humidity (bold and 
dashed curves) can be compared to TES data (stars and circles). 

Basic cloud model.  About eight years of simula-
tion are required to reach a steady state; i.e. interan-
nual fluctuations do not exceed 1%. As suggested by 
[10], such a spin-up timescale is necessary for dy-
namical processes to set up a latitudinal gradient in 
response to polar water abundances (which are 
forced by local thermodynamical conditions). We 
use water vapor abundances derived by the TES 
spectrometer to evaluate the consistency of the 
model predictions. Figure 1 displays the modeled 
and observed seasonal evolution of atmospheric wa-
ter vapor in both hemispheres.  

Despite an overall good match of seasonal ten-
dencies, the model fails at predicting the correct 
abundances of water vapor, having values that are a 

factor of two or three lower than observed.  

 

 
Figure 2: Seasonal and latitudinal distribution of water vapor 

abundances (in pr.. µm)-Upper graph: as predicted by the model-
Lower graph: as derived from TES soundings (Smith, 2002). 

This discrepancy is further supported by figure 2 
which clearly indicates a lack of humidity, mostly in 
the mid-latitudes regions. This statement clearly mo-
tivates the higher level of sophistication provided by 
our “reference” cloud scheme which results are pre-
sented below. 

 

 
Figure 3: Seasonal and latitudinal distribution of water ice abun-

dances Upper graph: as predicted by the model (in pr.. µm)--
Lower graph: as derived from TES soundings [16]. 

Evolution 1 scheme.  Before discussing the relative 
differences between the results of the two models, 
we first compare the distribution of clouds predicted 
by this cloud scheme to the TES data (Figure 3). 
This figure only permits to assess the qualitative 
consistency of our predictions since modeled water 
ice abundances have to be compared to observed 
cloud opacities. The orbital variation clearly appears 
as a dominant forcing for Martian cloudiness. 
Clouds preferentially evolve in the “cold zones” 
delimited by polar vortex boundaries (polar hoods) 
or by the intertropical cold and wet region of aphe-
lion (cloud belt). The predicted cloud trends com-
pare reasonably well with the observed ones, attest-
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ing of a good overall behavior of this cloud scheme. 
On the other hand, the predicted cloud mass of the 
aphelion belt is significantly larger than that deduced 
by [11] from HST observations (3 pr. µm vs. 1). 
Their estimation is however based on a crystal radius 
value of 2 µm whereas 3-5 µm are rather inferred by 
[12]. The water ice content suggested by these au-
thors could thus be too low by a factor of 2. As 
stated in [9], we also find that the aphelion cloud 
belt evolution is primarily driven by the thermal be-
havior of equatorial regions around aphelion and is 
much less sensitive to water supply from higher lati-
tudes. A noticeable asymmetry distinguishes the 
northern and the southern polar hoods. Such a state-
ment was also deduced from observations [13]. The 
northern hood is uniformly spread between the sea-
sonal cap edge and the pole and features much larger 
water ice mass than the southern one which geo-
graphical extent remains essentially confined to the 
cap edge. Although it could be argued that the south-
ern winter hemisphere is much drier than the north-
ern winter hemisphere, a more detailed analysis 
should be conducted to lighten of a potential dichot-
omy in dynamical regimes between vortices.  

 
Figure 4: Same as Fig. 2 but for evolution 1 scheme. 

As illustrated by Figure 4 and Figure 5, the pre-
dicted water vapor mass are clearly enhanced when 
the ability of water ice to be transported is accounted 
for. Results provided by this cloud scheme compare 
much better with data than with the basic scheme. 
Clouds, as a mobile reservoir for water, do not only 
change the global amount of humidity (by at least a 
factor of 2), they also change the way water is geo-
graphically distributed (Fig. 5: lower graph). Ac-
cording to this graph, this effect is mostly percepti-
ble during northern spring and summer. This change 
in partitioning water vapor between the northern and 
southern hemispheres is directly caused by the pres-
ence of the aphelion cloud belt. While transferring 
any supersaturated excess of water vapor to lower 
layers, the basic scheme unrealistically enhances 
water confinement. 

 
Figure 5: (Upper graph) Hemispheric integrated water vapor 

mass (in GTon) (Lower graph) North to south ratio of humidity 
as a function of Ls: comparison between the evolution 1 (solid 
line), the basic cloud scheme (dashed line) and TES data (stars). 

Around aphelion, this overestimated effect imposes 
water to be relatively more sequestered in the north-
ern tropics where the ascending branch of the Had-
ley cell is located. Evolution 1 cloud scheme allows 
water ice to be kept aloft at heights corresponding to 
the return branch of the Hadley cell. The ability of 
water ice to be transported over long distances is 
questionable given the influence of water ice particle 
sedimentation upon it. On the other hand, clouds 
within the belt are submitted to a strong diurnal 
thermal cycle. The subsequent amount of water va-
por subliming out ice crystals is more efficiently 
blown southward by winds than the corresponding 
amount of water ice formed at night. The significant 
difference in predicted north to south humidity ratio 
between the two cloud schemes gives a strong theo-
retical support to the influence of the aphelion cloud 
belt on the water flux between poles [1]. Figure 6 
provides a more detailed assessment of the change in 
geographic distribution of water due to cloud trans-
port. Even though both of our cloud models fail at 
reproducing the observed mean poleward gradient of 
water in the southern hemisphere, it can be seen that 
clouds amplify water vapor abundances in mid-
latitude regions, this result being in very good 
agreement with observations. This water concentra-
tion is done at the high latitude expense. The reason 
for such a cloud effect on the water cycle is given in 
Figure 7. This graph indicates that most of water 
vapor enrichment resulting from cloud transport is 
realized during northern fall and winter when both 
hemispheres are partially covered by the CO2 sea-
sonal deposit (the biggest “black” portion of the 
graph). 
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Figure 6: Zonal and annual averages of the water vapor abun-
dances as a function of latitude, same line styles as in fig. 5. 

At this season, the presence of mid-latitudes baro-
clinic instabilities assures a strong horizontal mixing 
organized in a succession of hot and wet fronts push-
ing poleward while cold and dry fronts are moving 
equatorward. This redistribution of wet air masses is 
responsible for a water ice frost deposit theoretically 
growing thicker at the edge of seasonal caps as the 
season proceeds. This cold trapped water ultimately 
returns to poles at the end of the cap recession ac-
cording to a quasi-solid transport mechanism [4]. 
When cloud transport is accounted for, part of the 
nebulosity forming above the edge of the seasonal 
cap can be carried back to mid-latitudes, following 
cold front trajectories. Clouds blown off the seasonal 
cap may then release water vapor in the warmer 
tropical regions. According to the expected circula-
tion regime at this season, water vapor subliming out 
these detached “polar hood” clouds is then spread 
within the intertropical region by the lower south-
ward branch of the Hadley cell in a similar way as 
the cross-equatorial advection of dust storms form-
ing in the northern mid latitudes [13]. The likeliness 
of condensate hazes detaching from the polar hood is 
supported by Viking Lander data analysis [14] and 
by groundbased observations [15]. When the as-
sumption is made that cloud transport is not signifi-
cant (basic scheme), the predicted water amounts 
carried by cold fronts is weaker since cold trapping 
above the cap edge is much more effective in this 
case.  

Conclusion: The “wet” exchange between the 
polar hood and the mid latitudes provides a powerful 
mechanism counteracting the “quasi-solid” return 
flow of water towards the NPC. In a sense, clouds 
can be seen as a humidifying agent of the Martian 
atmosphere since they allow a greater amount of 
water to be extracted from the NPC (an effect that is 
not detailed in the paper) while forcing water to be 
more concentrated in mid latitude regions during fall 
and winter seasons, the latter effect being realized at 
the expense of the CPN.  

With such an influence upon the hydrological 
cycle, water ice clouds deserve an accurate descrip-
tion when implemented in GCMs. For this reason, 
we are currently improving their modeling so to ac-
count for all interactions existing between dust and 
ice particles. The results of this new scheme will be 
presented in order to confirm the key role played by 
clouds in the spatial distribution of water. 

 

 
Figure 7: “Evolution 1” to “basic scheme” ratio of water 

vapor abundance.  
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IN SITU MEASUREMENTS OF THE PHOBOS MAGNETIC FIELD DURING THE "PHOBOS – 2" MISSION. V.G.
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The future explorations to Mars have to take into account
the Martian satellites, Phobos and Deimos, because their sub-
stance may carry the information on an origin and evolution of
Mars.

The trajectory ofPhobos-2 provided the collection of data
in regions which are appropriate for an investigation of in-
teraction of Phobos with the solar wind and have not been
explored before. From March 22, 1989, to March 26, 1989,
at each orbit around Mars, bothPhobos-2 spacecraft and the
Mars satellite Phobos were inside the solar wind and within
the Martian magnetosphere during 3.8 h. The spacecraft was
located permanently in a vicinity of Phobos at this time and
the distances between them were 180–400 km. A sharp rise
in the regular part of the magnetic field was observed on the
circular orbits near the dayside of Phobos at distances of 180–
250 km from its center when Phobos was in the unperturbed
solar wind.

Figure 1 displays a sketch of the position of thePhobos-2
and Phobos in the projection onto the Mars ecliptic planeXoY

on March 22–26, 1989. TheX-axis points to the Sun; theX-
Y plane coincides with the orbital plane of Mars; theY -axis
points in opposite direction of the Mars orbital velocity; the
Z-axis is perpendicular toX andY .
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Fig. 1. View of the location of thePhobos-2 and Phobos
on March 22–26, 1989.

The line composed of small squares allocates the part of
the spacecraft trajectory on the circular orbit around Mars
where the magnetic field enhancements were observed. The
magnetic field enhancement in the regular part can not be really
attributed to the Mars. The S/C crossed a stationary slowly

moving structure, which approached to and then moved away
from the S/C accordingly with the scheme of the S/C flight.
The magnetic field enhancement observed near the dayside of
Phobos really attributes to the Phobos. Analyzing the data
acquired aboardPhobos-2, Mordovskaya et al. (2001, 2002)
gave evidence that Phobos has its own magnetic field and its
magnetic moment isM ′

' 10
15 A·m2. The magnetic moment

M
′ was estimated from pressure balance for the solar wind and

the Phobos magnetic field measured at the magnetopause. The
peculiarity of the rotation of the magnetized Phobos around
Mars leads to the magnetic field signatures, which, especially
the direction, are phase locked with Phobos rotation rate. Such
magnetic field signatures were observed on circular orbit of the
Phobos-2 spacecraft (Mordovskaya et al., 2002).

The morphology of the magnetic field signatures caused
by the interaction of the Phobos magnetic field with the solar
wind plasma and observed during the time interval of March
22–26, 1989 are presented in Figs. 2–4. The plot of the dis-
tance Rx between Phobos and the spacecraft versus the time of
the observation is represented in the bottom panels of Figs. 2–
4 to illustrate that the magnetic field disturbances are really
associated with Phobos. There is a clear correspondence be-
tween the disturbance of the magnetic field and the approaches
of the spacecraft to Phobos. In Figs. 2–4, the magnitude of
the observed magnetic field is marked by the solar wind pa-
rameters (Vs–the solar wind velocity in km/sec, Ns–the solar
wind density in cm−3) to illustrate that the manifestation of
the phenomenon depends on the solar wind parameters. The
arrows mark the time when the parameters were acquired.

Figures 2–4 give a lesson for the study of the solar wind
interaction with a small, magnetized object. The magnetic field
signatures observed near day-side of Phobos show the response
of the solar wind to the Phobos obstacle. The draping magnetic
field around Phobos appears at distances of 200–300 km from
the Phobos day-side, the distance depends on the solar wind
plasma parameters.

The events displayed in Fig. 2 result from the interaction
of the Phobos obstacle with the solar wind plasma having high
density (Ns) from 3 cm−3 up 12 cm−3. Figures 3 and 4 give
the examples of the interaction in the plasma with lower den-
sity, Ns is between 2 cm−3 and 0.4 cm−3. The velocity of the
solar wind changes slightly during these observations. There-
fore, the density of the solar wind plasma plays a significant
role in formation of the size and shape of the draping and
compressional region near the dayside of Phobos and around
Phobos.

The density and magnetic field of the solar wind plasma
pile up in front of the obstacle that Phobos and its magnetic field
represent to the solar wind. The pile up becomes significant
when the proton skin depth is comparable with the actual size
of the Phobos obstacle.
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Fig. 2. On the top the plot of the magnetic field signatures.
The lower graphs correspond to the time history of spacecraft
approaches to the dayside of Phobos inside the unperturbed
solar wind. a) The data from 20:15 to 22:15 on March 22,
1989.b) The data from 04:00 to 06:00 on March 23, 1989.c)
The data from 11:00 to 13:45 on March 23, 1989.
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Fig. 3. Simular to Figure 2, excepta) The data from
19:00 to 21:00 on March 23, 1989.b) The data from 03:00 to
05:00 on March 24, 1989.c) The data from 18:00 to 20:00 on
March 24, 1989. Fig. 3c shows the direct measurements of the
planetary magnetic field of Phobos.
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Fig. 4. Simular to Figure 2, excepta) The data from 02:00
to 04:00 on March 25, 1989.b) The data from 17:00 to 19:00
on March 25, 1989.c) The data from 01:00 to 03:00 on March
26, 1989.

We can take the actual size of the Phobos obstacle from
the paper by Mordovskaya et al. (2001) or estimate it from
Figure 3 c) by calculating the size of region occupied by the

planetary field of Phobos. This size is about 150–170 km and
the relevant density is 1.8–2.3 cm−3. Formation of a shock-like
structure upstream of Phobos will take place for the solar wind
plasma with density larger than 1.8–2.3 cm−3. The magnetic
field signatures in Fig. 2 demonstrate the shock-like structure
upstream of Phobos and it is seen that in this case the draping of
the field is stronger. Figures 3–4 show an absence of the shock-
like structure ahead of Phobos magnetopause and the week
draping of the field around the Phobos obstacle because the
plasma density was low. For other plasma densities observed,
the ion scale lengthls is ls=93 km for Ns = 6 cm−3; ls =

130 km for Ns = 3 cm−3; ls = 160 km for Ns = 2 cm−3; ls =

294 km for Ns = 0.6 cm−3. It easily seen that the nature of the
interaction displayed by the magnetic field signatures in Figs.
2–4 is related to the ion scale lengths. The presence or absence
of a shock-like structure ahead of the Phobos magnetopause are
consistent with the ratio of the proton skin depth to the actual
size of the Phobos obstacle. Depending on this ratio, some
ions and magnetic field line will pile up in front of the Phobos
magnetic barrier, forming fanciful patterns of the density and
magnetic field signatures. The field signatures observed are
various and depend on the density of the solar wind flow.

It is worth dwell upon an additional feature of behavior of
the plasma density and the magnetic field (see Figs. 3b and 3c).
The density value decreases by a factor of 2 in Fig. 3b and by
an order of magnitude with a closest approach to Phobos, the
decrease indicates to the absence and lack of plasma, at least
that of the solar wind, near regions adjacent to the Phobos
magnetopause.

On March 24, 1989, the dynamic pressure of the solar wind
begins to decrease. The density of the solar wind decreased
down to 0.5–1 cm−3 during this period. When the speed Vs
of the solar wind falls down to 600 km/s, it was possible to
observe a remarkable event shown in Fig. 3c. During 18:43–
19:41 on March 24, 1989 the magnetic field signature has a
sharp rise with a characteristic “magnetopause-like” behavior
demonstrating clear encounter with an intrinsic magnetic field
of Phobos. The field magnitude increased by 80% with respect
to the background level, while the plasma density value was,
apparently, close to the lower threshold of sensitivity of the
plasma detector.

In Figs. 2-4, except for Fig. 3c, the magnetic field sig-
natures are caused by the interaction of the solar wind with
Phobos. On the other hand, Fig. 3c shows the direct measure-
ments of the planetary magnetic field of Phobos. The study of
the interaction of Phobos with the solar wind plasma indicated
that the day-side obstacle of Phobos to the solar wind is over
150 km. The draping magnetic field around Phobos appears
at distances of 200–300 km from the Phobos day-side due to
the density and magnetic field pile up in front of the Phobos
obstacle. The nature of the interaction and the magnetic field
signatures observed are consistent with the ratio of the proton
skin depth to the actual size of the Phobos obstacle to the solar
wind.

In conclusion, the magnetization of Phobos substance is
0.15 CGS. The third part of volume of Phobos should consist of
a magnetic substance similar to a magnetite Fe3O4 in order to
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obtain the given magnetization of Phobos. Since the density of
Phobos is about 2 g/cm3, we can suggest two explanations for
the magnetization observed. First, Phobos is non-uniform and
there exists an immense piece of a magnetic material within
it. Second, Phobos consists of small pieces of a magnetic
substance immersed into a non-magnetic low density material.
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Introduction: Visible and near-IR (VNIR) spectra of 

both Martian bright and dark regions [e.g., 1-6] are 
characterized by a ferric absorption edge extending from 
~400 to 750 nm, with bright regions having about twice the 
reflectivity at 750 nm as dark regions. Between 750 nm to 
beyond 2000 nm, bright and dark regions have nearly 
constant and slightly negative spectral slopes, respectively. 
Depending on location, bright regions have shallow 
reflectivity minima in the range 850-910 nm that are 
attributed to ferric oxides. Similarly, dark regions have 
shallow reflectivity minima near ~950 and 1700-2000 nm 
that are attributed to ferrous silicate minerals (pyroxene). 

Among terrestrial geologic materials, the best spectral 
analogues for Martian bright regions are certain palagonitic 
tephras from Mauna Kea Volcano (Hawaii) [e.g., 7-12]. By 
definition [13], palagonite is “a yellow or orange isotropic 
mineraloid formed by hydration and devitrification of 
basaltic glass.” The ferric pigment in palagonite is 
nanometer-sized ferric oxide particles (np-Ox) dispersed 
throughout the hydrated basaltic glass matrix [10-12]. The 
hydration state of the np-Ox particles is not known, but the 
best Martian spectral analogues contain allophane-like 
materials and not crystalline phyllosilicates [12]. 

Mars Global Surveyor thermal emission spectra (TES) 
show mid-IR evidence for andesitic and basaltic volcanic 
compositions preferentially found in northern (Acidalia) and 
southern (Syrtis Major) hemispheres, respectively [e.g., 14-
16]. The absence of a ferric-bearing component in the 
modeling of TES spectra is in apparent conflict with VNIR 
spectra of Martian dark regions, as discussed above. 
However, [17] have interpreted the andesitic spectra as 
oxidized basalt using phyllosilicates instead of high-SiO2 
glass as endmembers in the spectral deconvolution. 

We show here that laboratory VNIR and TES spectra of 
palagonitic alteration rinds developed on basaltic rocks are 
spectral endmembers that provide a consistent explanation 
for both VNIR and TES data of Martian dark regions. 

Samples and Methods: Most of our work was done on 
basaltic rock HWMK124, which was collected at an 
elevation of ~4000 m on Mauna Kea Volcano (Hawaii). The 
rock had a brown rind over the entire exterior surface. 
During collection, an internal fracture surface was exposed, 
and it had a white rind. The rock was sawed to slabs ~1 cm 
thick, with opposing rind and saw surfaces. Rinds were ~100 
µm thick, based on binocular examination of polished saw 
cuts normal to the rind. Several slabs of unaltered rock with 
opposing polished surfaces (60 and 600 grit polish) were 
made to produce additional surface textures. Two size 
fractions of unaltered rock were also prepared. The 500-1000 
µm size fraction was obtained by mechanical grinding and 
wet (ethanol) sieving. The <5 µm size fraction was prepared 
by pulverization of unaltered rock in a ball mill followed by 
ultrasonic dispersement and sedimentation (both in H2O at 

pH = 9) using a density of 2.65 g/cm3 to calculate settling 
times [18]. 

For purposes of comparison, we also obtained TES 
spectra for the 500-1000 µm size fractions of basaltic glass 
(Kilauea Volcano, HI), opal-C/T (Providence Mountains, 
NV), obsidian (Mineral Co., NV), and an allophane-like 
material (Magdalena, NM). 

Thermal emission spectra (5-50 µm) were obtained using 
a modified Nicolet Nexus E.S.P. FT-IR spectrometer [19]. 
VNIR spectra (0.35-2.1 µm) were obtained using a Cary-14 
diffuse reflectance spectrometer [11]. Both emissivity and 
VNIR spectra were obtained under desiccating conditions 
(N2 purge gas derived from liquid N2). XRD and XRF data 
were obtained on fine powders of all samples using methods 
described in [e.g., 11]. 

Results: Major element concentrations are compiled in 
Table 1. HWMK124 and HWKV201 are basaltic in bulk 
composition. The elemental composition for the <5 µm size 
fraction of HWMK124 is significantly different from its 
parent basalt, presumably from contamination by the 
alumina components of the ball mill or from differential 
comminution of the basalt or both. From the XRD powder 
diffraction patterns, the major crystalline phases are 
plagioclase feldspar, olivine, pyroxene, and ilmenite. The 
samples of obsidian, opal-C/T, and allophane are high in 
SiO2 + Al2O3. The basalt and obsidian samples are volatile 
poor (LOI <1%), and the opal-C/T and allophane samples 
are volatile rich (LOI = 8 – 28%). 

Table 1. Major element concentrations and loss on ignition 
(LOI) in wt.%. 
 1 2 3 4 5 6 
SiO2 48.30 50.81 49.82 93.41 75.64 14.06
TiO2 3.27 1.76 2.33 0.05 0.10 0.00 
Al2O3 13.45 19.55 13.10 1.44 13.17 78.46
Fe2O3T 14.72 8.82 12.66 0.52 0.79 0.13 
MgO 5.86 3.89 7.69 3.35 0.08 0.13 
CaO 10.70 9.89 10.63 0.23 0.57 0.62 
Na2O 2.69 3.57 2.21 0.26 4.33 3.34 
K2O 0.75 0.95 0.40 0.32 4.80 0.01 
P2O5 0.40 0.49 0.23 0.02 0.01 0.03 
Total 100.46 98.87 99.38 99.64 99.75 99.44
       
LOI 0.76 0.93 0.44 8.15 0.14 27.81
FeO 11.62 6.91 10.14 0.19 0.40 0.12 
Fe2O3 1.81 1.14 1.38 0.31 0.35 0.00 
1 = HWMK124 unaltered interior, 2 = HWMK124 <5 µm, 
3 = HWKV201 (basaltic glass), 4 = PMDCDY1 (opal-C/T), 
5 = GLMPNV5 (obsidian), 6 = JMNM1 (“allophane”). 
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TES and VNIR spectra for samples derived from the 
interior of HWMK124 (unaltered basalt) are shown in Figure 
1. The expected decrease in TES spectral contrast (without 
change in position) for the reststrahlen bands with increasing 
surface roughness [e.g., 20] from the most polished surface 
(600 grit) to the 500-1000 µm size fraction is observed. For 
the <5 µm size fraction and in agreement with behavior at 
very small particle size [e.g., 20], the reststrahlen bands are 
absent, with only the Christiansen (~1280 cm-1) and 
transparency (845 cm-1) features present. All VNIR spectra 
show a shallow band minimum near 1020 nm which is 
consistent with ferrous iron in the olivine observed in XRD 
data. For slabs, there appears to be an increasingly more 
negative spectral slope with increasing surface roughness. 

The TES and VNIR spectra for the brown rinds on the 
rock are shown in Figure 2. The TES spectra display a range 
in behavior. Spectra at two locations (rind B and C) are 
nearly equivalent to that for the 500-1000 µm size fraction of 
unaltered rock. At three other locations (rind E1, E2, and D), 
the reststrahlen bands for the underlying rock are completely 
masked by the reststrahlen bands for the rind itself. This 
difference in behavior is not understood, but it may be 
related to rind thickness and how well the rind is coupled to 
the underlying rock substrate. The general shape of the 
brown rind spectrum (reststrahlen bands near 1100 and 450 
cm-1) is similar to that for other amorphous or poorly-
crystalline materials (allophane, basaltic glass, and opal-C/T 
in Figure 3) but not similar to those for phyllosilicates 
(Figure 4) that have an additional band near 530 cm-1. The 
VNIR spectra for the brown rinds are all similar and are 
characterized by a Fe3+ absorption edge. Note that in all 
cases the rind did not mask the Fe2+ feature associated with 
olivine (Figure 3c) 

The TES and VNIR spectra of the brown rinds, together 
with the results of previous studies of palagonitic tephra [10-
12] and exposed surfaces of young (<1.5 ka) Mauna Loa and 
Kilauea basaltic rocks [e.g., 21-23], imply a palagonitic rind 
on HWMK124. That is, basaltic glass exposed on the surface 
underwent hydration which, under oxidizing conditions, 
resulted in precipitation of nanometer sized ferric oxide 
particles in an amorphous, hydrated glass (allophane-like) 
matrix that is enriched in SiO2 + Al2O3 relative to the initial 
basaltic glass. The oxide particles are the pigment 
responsible for the Fe3+ absorption edge in VNIR spectra and 
the allophane-like matrix is the origin of the 1093 and 463 
cm-1 bands in TES spectra. The feature at 1093 cm-1 is the 
“B” spectral feature described by [21-23]. 

The TES and VNIR spectra for the white rind found in 
an interior fracture surface of HWMK124 are shown in 
Figure 3. We believe this rind is opaline silica based on its 
similarity to the TES spectrum of opal-C/T and the absence 
of a Fe3+ absorption edge (Figure 3c). The TES spectrum is 
also very similar to the thickest opaline silica coating 
deposited on a basaltic substrate in laboratory experiments 
[24]. We suggest that silica was aqueously leached from the 
parent rock and deposited in the fracture as an accretionary 
deposit of opaline silica. 

Applications to Mars: 
Palagonitic versus Andesitic Mars.  In Figure 4 we 

compare TES spectra for palagonitic rind D, two 
phyllosilicates (Fe-smectite and Ca-montmorillonite), and 

high-SiO2 glass (obsidian). The TES spectra for the 
phyllosilicates were obtained from the Arizona State 
University spectral library (version 1.5). The phyllosilicates 
and high-SiO2 glass were used as endmembers to model the 
Acidalia-type surface with the result that [14-16] concluded 
that andesitic material is present and [17] concluded 
weathered basalt is present. These seemingly contradictory 
results are possible because the spectral region where the 
phyllosilicates and high-SiO2 glass can be distinguished 
(~532 cm-1) is excluded for surface modeling by atmospheric 
CO2 [e.g., 14]. Because the palagonitic rind spectrum is 
similar to the high-SiO2 glass spectrum at all wavenumbers 
and to the phyllosilicate spectra except in the ~532 cm-1 
excluded region, it follows that Acidalia surface can be 
modeled with palagonitic alteration rinds on basaltic rocks. 

Although this study and [17] come to the same general 
conclusion regarding the possible nature of the Acidalia 
surface based on TES spectra (i.e., weathered basalt), we 
suggest that palagonitic material is favored over 
phyllosilicates on the basis of the absence of strong 
phyllosilicate H2O/OH features near 1400 and 1900 nm [e.g., 
5, 6] and the presence of a ferric absorption edge in Martian 
VNIR spectra. We favor palagonitic Mars, but cannot 
exclude andesitic Mars, based on the similarity of the VNIR 
spectra for Acidalia and Syrtis surface regions [4]. 

Composition of Martian Dust.  Figure 5a shows that the 
TES spectrum for the <5 µm size fraction of HWMK124 is 
virtually identical to the corresponding spectrum for Martian 
high albedo surfaces [25] over the region 200-1350 cm-1, 
implying an unaltered basaltic component in the dust. 
However, the HWMK124 dust does not have a ferric 
absorption edge (Figure 1) that is a characteristic of Martian 
bright regions. The TES and VNIR constraints suggest 
Martian dust is a mixture of unaltered or weakly altered 
basalt and palagonitic material, including a contribution from 
palagonitic rock rinds [26]. 

Basaltic Surface Endmembers for Mars.  The presence of 
ferric absorption edges for both Syrtis and Acidalia surfaces 
[4] implies that both might be mixtures to different degrees 
of basalt and weathered basalt. In Figure 5b we show the 
Syrtis and Acidalia spectra as published by [14] and two 
endmember spectra calculated assuming linear mixing and 
Syrtis and Acidalia surfaces that are 30% and 60% unaltered 
basalt, respectively. The calculated endmembers, 
corresponding to weathered basalt and unaltered basalt, are 
spectra calculated for 0% and 100% unaltered basalt, 
respectively. The weathered basalt endmember may imply 
that a distribution of palagonite-like spectra are present in 
which positional distribution of the ~1000 cm-1 feature is 
larger than that for the ~460 cm-1 feature. This is supposition 
not unreasonable on the basis of the spectra shown in Figure 
3. Qualitatively, the shape of the calculated basalt 
endmember implies higher proportions of olivine. 
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Figure 2. Thermal emission (a and c) and VNIR spectra (b and d) for basaltic rock HWMK124. Spectra are 
derived from brown (palagonitic) rinds on exterior surfaces and from the 500-1000 um size fraction of ground 
and sieved interior (unaltered) rock. 

Figure 1. TES (a and c) and VNIR (b and d) spectra for unaltered basaltic rock HWMK124. Spectra are from size 
fractions of interior rock and slabs of unpolished and polished (60 and 600 grit) sawed surfaces. 
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Figure 3. TES (a and b) and VNIR (c) spectra for amorphous 
or poorly crystalline materials. 
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Figure 5. TES spectra (a) for Martian high albedo surface 
and the <5 µm size fraction of HWMK124 and (b) for 
palagonitic rind, Acidalia and Syrtis surfaces, and calculated 
basaltic endmembers. 
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Figure 4. Comparison of TES spectra (a and b) for 
palagonitic rinds, two phyllosilicates, and high-SiO2 glass 
(obsidian).  
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Abstract
A great diversity in the eruptive style of Arsia

Mons volcano can be identified from THEMIS, MOC
and MOLA data.  Collectively, these data sets provide
the first opportunity to study lava shields within the
summit caldera, kilometer-scale pit craters on the
upper flanks, and the entire length of lava flows from
vent to distal flow lobes.  As such, a more complete
picture of the history of this volcano is emerging
which has both similarities to the other Tharsis Ridge
volcanoes (Pavonis and Ascraeus Montes) and
differences with Olympus Mons.

Introduction
Recent observations [1] of extensive ash

deposits near the summit of Arsia Mons volcano
(9.5°S, 238.8°E) have indicated that this volcano has
had a more complex history, including large explosive
eruptions, than had previously believed from analysis
of Viking Orbiter images [2, 3].  Data from the Mars
Orbiter Camera (MOC), the Thermal Emission
Imaging System (THEMIS), and the Mars Orbiter
Laser Altimeter (MOLA) have now provided extensive
coverage of the volcano, and have enabled a greater
diversity of volcanic features to be studied along the
NE – SW structural trend through the volcano that is
interpreted to be a rift zone [3].  The transition from
the summit caldera (elevation ~16.3 km above datum),
to the upper flanks (~12 – 16 km) and lower flanks (~7
– 12 km) is striking.  Along this potential rift zone, it is
possible to identify numerous collapse pits that are
believed to be the vents for the ash deposits [1], over a
dozen small shields on the caldera floor [2, 3], and a
complete sinuous rille/lava flow complex.  The new
insights into these features are now described.

Lower Flank Lava Flows
Daytime THEMIS IR images show almost the

entire length of a lava flow, which originates from a
vent at an elevation of ~11.3 km on the southern lava
fan (Fig. 1, 2).  Historically, it has been difficult to
identify the vent areas for lava flows on Mars [4].  We
have speculated that sinuous rilles, such as the ones
near the summit of Elyisum Mons [5], could be the
source areas for lava flows which had high effusion
rates.  However, until now it has not been possible to
trace the downslope flow(s) associated with a rille
because the rille either disappears into compound flow
units or the image does not cover a sufficiently large

area.  But on the SW flank of Arsia Mons, both the
vent and the associated distal flow fronts can be
identified in the same image.  The sinuous rille formed
~34 km from the base of the main shield and is ~65 km
long.  No enlarged source crater or topography can be
identified around the vent.  The flow extends a further
135 km downslope.  Close to the distal end, the flow
splits into four segments, which have widths of ~2.3 –
3.2 km and pronounced central lava channels.

Figure 1:  Shaded relief image derived from MOLA data for
the southern flank of Arsia Mons volcano.  The summit is
just off the top of the image.  Contours are at 500 meter
intervals, and the marked elevations are in kilometers above
Mars datum.  Notice that the upper flanks have a shallower
slope than the lower flanks.  The area of coverage of Figure
2 is also shown.  North is towards the top.

Unfortunately, MOLA data are insufficient to
measure the thickness of the flow otherwise this flow
would be an excellent candidate for modeling the
rheology of the lava as well as study the effects of
slope on flow and channel width and depth.
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Figure 2:  Mosaic of two daytime IR THEMIS images
(frames I01116001 and I01453001), showing the entire
length of the sinuous rille/lava flow sequence described in
the text.  See Figure 1 for location.

What is apparent is that the transition from sinuous
rille to lava flow occurs at a subtle break in slope on

the flank of the volcano, with the rille restricted to the
shallower slopes.  At the increase in slope, lava
appears to have spilled out of the rille and formed a
series of surface flows.  This is not an abrupt transition
as numerous over-spill points can be seen, but the loss
of lava from the rille resulted in a reduction in rille
width.  The rille eventually ends as several isolated pit
craters, which may indicate that a lava tube was
formed.

Middle Flank Pit Craters
The upper flanks of Arsia Mons, from ~12 km

elevation to the caldera rim crest, display a
dramatically different morphology.  Figure 3 shows
that many circular to elongate craters ~1 - 6 km in
diameter cluster along the rift zone.  Close inspection
of these craters reveals that no lava flows were erupted
from these pits, and that several pits have concentric
patterns around their rims indicative of slumping.
Similar craters have been observed on Alba Patera,
and have been interpreted [6, 7] to have formed shortly
after the emplacement of a dike into the edifice.  At
Alba Patera, an explosive phase of plinian activity was
proposed as the most likely cause of the collapse [7].
Were this model to be applied to Arsia Mons it would
be consistent with the identification of extensive ash
deposits at comparable elevations on the NW flank of
the volcano [1].

Figure 3:  Just south of the caldera rim, there are numerous
pits up to ~6 km in diameter.  Notice the lack of lava flows
and the concentric sag-like features around the elongate pits
(arrowed).  THEMIS IR frame no. I0453001.
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Intra-Caldera Lava Shields
First recognized on low-Sun Viking Orbiter

images [2], a series of over a dozen small lava shields
can now be recognized in both topographic (Fig. 4)
and image (Fig. 5, 6) data.  These shields form almost
a north-south line extending across the caldera floor,
with two additional shields on the SW portion of the
caldera floor.  Heights measured from the 1/128th

degree MOLA DEM range from ~80 – 140 m, and
widths from ~8 – 54 km.  THEMIS VIS data (Fig. 5)
show that these features are indeed analogs to
terrestrial shield volcanoes, with many different flows
radiating away from a summit crater.  The few MOC
images that cover these intra-caldera shields (Fig. 6)
also show that some of the craters have multiple levels,
perhaps indicative of former lava lakes successively
filling and draining the summit area.

Figure 4:  Topographic map of the floor of Arsia Mons
caldera, derived from the 128th degree MOLA DEM.
Contour interval is 25 meters, and clearly shows the
locations of at least a dozen separate small shield volcanoes
on the floor.  Colored contours are for the elevation range
16,175 – 16,475 m, while black contours mark higher
elevations on the caldera rim.  Unlike other Martian calderas,
Arsia Mons has a relatively flat caldera floor, which enables
the shields built along the fissure to be easily identified.  The
locations of Figures 5 and 6 area shown.  Width of caldera is
~110 km.  North is towards the top of the image.

An important issue regarding these shields is
their apparent absence from much of the caldera floor.
Clearly their origin is related to the structural trend that
extends NE – SW through the summit area.  But their
origin is also enigmatic because possible rift zones
also exist on the volcanoes Pavonis and Ascraeus
Montes [2, 6] and yet no intra-caldera activity can be

identified on these other volcanoes in either the
MOLA or MOC data sets.

Implications
The first identification of an entire long (>100

km) lava flow on Mars has importance for several of
the current models of lava flow rheology [8, 9]
because it enables us to define the total length of the
lava flow, and to correlate the flow area with the
geometry of the rille [5].  The observations presented
here also clearly demonstrate that sinuous rilles on
Mars can be the source of long lava flows.  As more
THEMIS data become available for other volcanic
regions, particularly Elysium Planitia (where rilles and
flows have been individually identified but not
correlated with each other [4, 5]), the possibility for
the identification of other vent areas and matching
them with specific lava flows should provide new
constraints for modeling flow fields on Mars.

Figure 5:  THEMIS visible image of a lava shield in the
center of Arsia Mons caldera.  See Figure 4 for location.
Lava flows can be seen radiating in all directions from the
elongate summit crater.  MOLA data indicate that this shield
is ~90 m high.  North is towards the top.  THEMIS frame
number V04399002.

The diversity of activity identified here within a
relatively small portion of Arsia Mons also warrants
additional attention, because it has specific
implications for models for the internal structure of
Martian shield volcanoes [6, 7].  The simplest
interpretation of the intra-caldera lava shields is that
they were formed during a single eruption, when a
dike approached the surface and allowed relatively
small volumes of lava to be erupted.  The reason why
such features have not been identified on other
volcanoes on Mars remains problematic, but may be
associated with the observation that Arsia Mons is the
only Tharsis volcano where pit craters on the outer
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flanks extend all the way to the rim of the caldera.
These collapse pits high on the rim may indicate that
dikes were able to penetrate to much higher elevations
on Arsia Mons than the other volcanoes.

If this interpretation of shallow dikes is correct,
then an explanation may exist to explain why the three
Tharsis Ridge volcanoes have the extensive set of
collapse pits near their summits, but that such features
are absent on Olympus Mons.  The NE - SW structural
trend, and the resultant concentration of dikes and
volatiles in a specific part of the volcano, may be the
cause.  Numerous shallow dikes along the Tharsis
Ridge volcanoes may have favored the concentration
of juvenile volatiles from the magma at a few preferred
places.  When subsequent intrusions interacted with
these volatiles, explosive eruptions would have
occurred [6, 7].  The implication is therefore that
Olympus Mons lacked rift zones, and so was able to
disperse juvenile volatiles over a sufficiently large area
to prevent subsequent explosive activity.

Figure 6:  MOC view of the elongate summit crater of one of
the lava shileds on the floor of Arsia Mons caldera.  See
Figure 4 for location.  Notice the prominent layering on the
western (left hand) side.  This shield is higher (total height
~160 m) and broader than the one shown in Figure 5.  Image
resolution is ~6.6 m/pixel.  North is towards the top.  MOC
frame no. E1003391.
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A VERY YOUNG, LARGE, IMPACT CRATER ON MARS.  P. J. Mouginis-Mark, J. M. Boyce, V. E.
Hamilton, and F. S. Anderson.  All at: Hawaii Institute of Geophysics and Planetology, SOEST, University of
Hawaii, Honolulu, Hawaii 96822, USA.  <pmm@higp.hawaii.edu>

Abstract: We have used data from the THEMIS,
MOC, and MOLA instruments to study a remarkably
fresh impact crater ~29 km in diameter, located just
west of the Olympus Mons aureole.  This crater has a
very well preserved secondary crater field, a high
nighttime temperature, exhibits no superposed primary
impact craters, and has large depth/diameter and rim
volume/cavity volume ratios.  With lava flows as the
target rock and a very young age, this crater must be a
good candidate source crater for some of the SNC
meteorites, and should serve as an excellent end-
member for geometric studies of impact craters on
Mars.  The fact that this young crater also shows ample
evidence for ejecta fluidization in the recent past
strongly supports the idea that volatiles still exist
within the top kilometer of the near-equatorial region
of Mars.

Introduction:  Impact craters provide crucial
information on the subsurface structure of the target
material, as well as insights into the cratering process.
In the case of craters on Mars, the sensitivity to the
three-dimensional structure is particularly important as
it may provide evidence for spatial or temporal
variations in the distribution of volatiles.  Since the
earliest days of the Viking Orbiter missions, analysis
of the lobate deposits surrounding many Martian
impact craters have suggested the presence of water or
ice within the top kilometer or so of the crust at the
time of crater formation [1, 2, 3].  One particularly
challenging task is to determine the original
morphological attributes of craters prior to their
modification by erosion and/or deposition.

We have identified a 29 km diameter crater at
23.4°N, 207.5°E that meets many criteria for having
formed in the very recent past (perhaps last few
million years).  This crater lies to the west of the
Olympus Mons aureole, and formed in relatively
young lava flows from the volcano (Fig. 1).  Our
analysis of this apparently young crater not only
provides constraints on the original geometry of large
impacts on Mars, but also enables the original
morphology of the crater cavity and ejecta layers to be
examined.  It also places constraints on the recent sub-
surface distribution of volatiles, and has potential
implications for the source area of at least some of the
basaltic SNC meteorites.

Geomorphic Indicators of Youth: To a first
approximation, we can use geomorphic indicators for
crater youth that are comparable to those used to
identify fresh lunar craters [4, 5, 6]:
(a) Ejecta rays;
(b) Extensive field of secondary craters;
(c) Large thermal inertia, implying large rocks or

boulders at surface;
(d) Lack of superposed small impact craters;
(e) Large depth/diameter and other ratios;
(f) Impact melt on the crater floor and/or rim.

Figure 1:  Location map for the identified crater.  Inset,
which is a shaded relief rendition of MOLA topographic
data, shows regional setting, to the west of Olympus Mons
volcano (“OM”).  Other Tharsis volcanoes are also
identified, “AP” is Alba Patera, “AM” is Ascraeus Mons,
and “PM” is Pavonis Mons.  Rectangle shows field of view
of larger image, which is part of the Viking digital image
model for Mars.  Arrow points to crater studied here.  The
location of Figures 3d is also shown.  North is towards the
top of the image.

We have addressed all of these issues using
Viking Orbiter images and data from the THEMIS,
MOC and MOLA instruments.  Inspection of Viking
Orbiter and MOC wide-field images shows that there
is a faint wind-streak associated with the crater,
indicating that there is a surficial mantle of dust.  Like
young large lunar craters [7], the Mars crater has an
extensive field of secondary craters associated with it
(Fig. 2a).  These craters range in diameter up to ~800
meters, and can be traced to radial distances of ~9
crater radii (230 km) from the rim of the primary.
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Inspection of MOC images at 6 m/pixel (Fig. 2b)
shows that there are small dunes on the floors of some
of these secondary craters, indicating that their in-
filling has already commenced.

Figure 2:  (a - left) Extensive secondary crater field to the
south of the primary shows chains of craters radial to the
primary.  THEMIS image V01990003, at 18 m/pixel.  (b -
right) Subscene of MOC image M1301995 (6.0 m/pixel)
showing rectangular secondary crater just beyond the
northern ejecta lobe.  Dunes can be identified on the floor of
the crater, which is ~800 m in diameter.  See Figure 3d for
locations.

Remnants of the crater floor between the central
peak and the inner wall (Fig. 3a) are also rarely seen in
craters on Mars, due most likely to subsequent eolian
or fluvial in-filling.  On the crater floor, there are
materials that are very different from those typically
seen on the interior of Martian craters, and we interpret
these materials to be ponded melt sheets (Fig. 3b)
comparable to those seen on the floor of Copernicus
crater on the Moon [4].  The classic interior features of
young lunar craters such as King, Copernicus and
Necho [4, 5] can also be seen on the Mars crater.
MOC images also reveal flow material that appears to
be impact melt on both the inner upper walls and the
exterior rim of the crater (Fig. 3c).

The ejecta lobes bear further evidence of the
very young age of the crater.  MOC images (Fig. 4)
reveal a very wide range of morphologies on the ejecta
lobes to the north of the crater.  A diversity of radial
flow patterns can be seen on the lobes, and details in
the shear-lines associated with the radial motion of the
ejecta during emplacement can be seen.  Also of
importance is the total lack of smaller impact craters
on many of the ejecta lobes.  Remarkably, MOC
images of the northern ejecta lobe, obtained at a spatial
resolution of 6.0 m/pixel show that no impact craters
down to the resolution limit exist over an area of 72
km2 of the deposit.  Hartmann [8] proposed that a Mars
crater production surface with an age of 10 myr. would
have ~10 craters/km2 with a diameter of ~30 m, or 1
crater per ten km2 with a diameter of ~100 m.  Craters

of these sizes would be easily identified in MOC
images if they existed.  Thus it is not possible to place
this unit into the context of young volcanic surfaces
studied by Hartmann [8] because the surface is
essentially pristine.  No production curve has been
proposed for surfaces younger than 10 myr, but we
infer that the crater studied here is significantly
younger than 10 myr.

Figure 3: (a – top left) Well preserved massive rock unit on
the inner terrace; (b – center left) Polygonal ground on floor
of crater to south of central peak; (c – bottom left) Flow-like
features that may be impact melt on the southern outer wall.
All images are sub-scenes of MOC image E0500856 (4.53
m/pixel).  See Figure 3d for locations.  (d - right) THEMIS
daytime IR image I01990002 (100 m/pixel) showing the
locations of higher resolution images presented here.  See
Figure 1 for location.

The THEMIS thermal data provide evidence for
a regional dust mantle, although nighttime IR data
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(THEMIS frame number I02009003) reveal a strong
(~30 K) thermal contrast between the crater walls,
exterior rim, and floor compared to the adjacent
terrain.  A maximum thermal inertia of ~375 J m-2 S-1/2

K-1 was calculated for the southeastern inner rim,
based on a thermal model for the appropriate latitude,
time of day, elevation and season.  This thermal inertia
is neither consistent with a thick dust mantle nor
bedrock, and likely represents a rocky surface with a
thin mantle of dust (relative to the surroundings).  This
interpretation is supported by the thermal IR data.  We
produced decorrelation streched images of this crater,
but could find no spatial variation in mineralogy,
consistent with an optically thick (at thermal
wavelengths) dust coating.  Interestingly, this crater is
the only one so far observed that has a small nighttime
thermal high associated with the distal ejecta ramparts.

The availability of high resolution gridded
topography (1/128th degree, or ~450 m/pixel) from the
MOLA instrument allows us to assess the crater’s
morphology.  Using Viking data [6, 9] and individual
MOLA profiles through the center of impact craters
[10], several investigators argued that Mars impact
craters with high depth/diameter and rim
height/diameter ratios are less modified (i.e., younger)
than other craters of comparable size.  We have
utilized a new software package [11] that enables
many different geometric attributes for impact craters
to be measured using the MOLA gridded topography.
We have measured the study crater and compared its
geometry to 149 other craters on Mars (focusing on
craters in Hesperia, Lunae, and Sinai Plana).  We have
measured crater diameter, rim height, depth of crater
below the surrounding terrain, and rim and cavity
volumes.  Plots of crater diameter against total crater
depth (i.e., maximum rim height to lowest point on
crater floor), cavity volume, and rim volume all reveal
that, for its size, the crater under study has dimensions
consistent with a very young age.  All three attributes
(depth, cavity volume and rim volume) are high for the
diameter of the crater, and could be interpreted in
terms of the lack of erosion and/or in-filling that has
modified the original crater shape.

Implications:  Analysis of the Olympus Mons aureole
crater has implications for several diverse aspects of
the geologic evolution of Mars.  Most interesting,
perhaps, is that it shows that even during the very
recent past of Mars, the medium that produces
fluidized ejecta was still present.  Whether this
fluidization is caused by volatiles in the target rock, or
the atmosphere, there appears to be nothing to
distinguish the level of fluidity (i.e., travel distance) of
the ejecta, or the general morphologic characteristics
of this crater from craters formed in much earlier

geologic times on Mars.  If volatiles in the target rock
produce the fluid behavior, the amount of volatiles in
the top few hundred meters most likely has not
changed in the last ~10 million years even at relatively
near-equatorial locations, so that a similar
concentration of volatiles may still be present at this
latitude.  Alternatively, if the atmosphere was the
fluidization medium, then the process can operate in a
thin (<10 mbar) atmosphere, and older fluidized ejecta
deposits cannot be used as indicators of a thicker
earlier atmosphere.  We also note that this crater is
located at a site where the Mars Odyssey GRS
experiment indicates that there is a moderate
epithermal neutron flux (~6.5 counts/sec) which would
be indicative of a low hydrogen concentration [12].
Thus our observations support the idea of a layered
target with more volatiles at a depth of a few hundred
meters than at the surface.

Figure 4: (a - left)  Proximal surface of ejecta lobe ~12 km
north of crater rim.  Direction of flow is toward top of image.
(b - right) Flow pattern on middle portion of the ejecta lobe
~23 km north of crater rim.  Note the total absence of super-
posed craters on both parts of the ejecta lobe.  The direction
of flow is towards the top of the image.  Parts of MOC image
M1301995 (6.0 m/pixel).  See Figure 3d for locations.

The crater geomorphology also provides
information about ejecta flow processes.  Specific
observations of the amount of topography preserved in
the distal ramparts, and the shear structure of the lobes,
implies that the ejecta “froze” while it was still
moving.  We have co-registered the VIS THEMIS data
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with the MOLA 128th degree DEM, and measured the
heights of the distal ramparts to be as great as 117 m.
There appears to have been insufficient time for the
ejecta lobe to relax after it came to rest for the
decameter-scale topography to have been removed.
Our observations suggest that current models of
rampart flow rheology [2, 13] are incomplete and
require revision to adequately explain the topographic
characteristics observed at this young crater.

The apparent youth of this crater and its
presence on relatively young lava flows suggest that it
may be a candidate source crater for some of the
youngest Martian meteorites.  Many basaltic
shergottites have crystallization ages of ~175 m.yr.,
leading to the prediction that they may have come
from somewhere in Tharsis [14].  Basaltic shergottite
spectra do not match thermal infrared spectra of
Martian dark regions [15], also leading to the
suggestion that one or more of their source regions
may be located in Tharsis.  Ejection ages for most of
the shergottites are <~3 million years [14], which
could be consistent with the youthful morphology for
the aureole crater.

Further analyses of the Olympus Mons aureole
crater are ongoing.  Mapping the size, number and
radial distribution of the secondary craters will help
establish the importance of secondary cratering on
Mars, which has implications for the establishment of
flux curves and relative age dating for the planet.
More detailed studies of the distribution of material
within the ejecta lobes will benefit from the fact that
the impact event took place on a nearly flat-lying lava
flow field that has no other craters in the vicinity.  This
characteristic will facilitate highly accurate height and
volume measurements for individual ejecta lobes,
which in turn will be valuable for the construction of
rheologic models for the surface emplacement of
ejecta on Mars [13, 16].  Finally, we note that although
the crater studied here may not be the absolute
youngest large (>20 km diameter) crater on Mars, it
nevertheless provides a standard to which other fresh
craters on different terrains can be compared.  As more
THEMIS data are collected, the comparison of very
young craters on different target rocks may yield
important information about the surface layers of the
crust.
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We report investigations of HDO and H2O on Mars 

using CSHELL at the  NASA IRTF, on dates that span 
an entire Mars year.  Our objective is to understand 
whether deuterium is preferentially sequestered in the 
polar regions, and to determine whether the two polar 
caps are equivalent in that regard.  The instrument slit 
is typically positioned N-S along the central meridian 
resulting in a one-dimensional map of HDO (1997-
2003) and/or H2O (2001-2003) [1].  Column burdens 
are extracted at one arc-second intervals along the slit, 
permitting a direct comparison of the D/H ratio at 
various latitudes and seasons.    

 
A solid constraint of the D/H ratio on Mars would 

be extremely useful in constructing atmospheric mod-
els, estimating the evolution of water on Mars, and 
dating Mar meteorites [2-4].  The best determinations 
to date indicate a five times larger value on Mars than 
on Earth [5].  The D/H ratio is expected to increase on 
Mars through Rayleigh distillation [3,4].  The effi-
ciency of deuterium escape compared to hydrogen for 
the current epoch is about 32% [4].  In addition to the 
overall increase, the D/H ratio could display a hemi-
spherical variation.  The different mean temperatures 
of the polar caps could cause a different degree of 
HDO sequestration.   

 
Our group has initiated an observing program to 

test this hypothesis by providing well-constrained D/H 
values for the northern and southern hemispheres on 
Mars.  We are conducting nearly simultaneous meas-
urements of H2O and HDO in the near-IR.  DiSanti 
and Mumma developed a technique for mapping HDO 
on Mars through its ν1 fundamental band near 3.67 
µm, using CSHELL at the NASA IRTF [6].  Novak et 
al. (2002) extended the approach significantly, and 
described nearly simultaneous measurements of ozone 
and HDO on Mars, acquired in January 1997 (Ls = 
67o) [1].  We recently detected new lines of H2O in 
absorption (centered at 3035, 8764, and 8827 cm-1), 
and we now use them to obtain the H2O abundance.  
The combination permits a direct investigation of 
HDO and H2O on Mars.  The approach is illustrated in 
Figure 1.   

 
Novak et al. (2002) [1] converted the measured 

HDO abundance to a column burden for H2O by 
adopting the D/H enrichment factor of 5.2 ± 0.2 rela-

tive to SMOW, reported from KAO spectra [5].  The 
KAO value refers to disk-integrated measurements 
made on 5 Aug. 1988 (Ls = 246o, late southern sum-
mer); it is not known whether this value changes with 
season or latitude.  It is interesting to compare the 
CSHELL retrievals for Jan. 1997 with independent 
measurements of H2O at the same Ls (but different 
Mars years) (Figure 2).  At mid- and low-latitudes, the 
ground-based data are systematically higher than the 
either Viking or TES results, suggesting that a higher 
D/H ratio is implied.  At 12o S latitude, the implied 
enrichment is a factor of 7.45 with respect to SMOW 
while at 30o North latitude it is only 5.1 with respect to 
SMOW.  At this season, the northern polar cap is rap-
idly vaporizing, causing strong latitudinal and tempo-
ral gradients in water vapor at near-polar latitudes; the 
spacecraft and ground-based results have different 
fields-of-view and so give increasingly divergent re-
sults for high latitudes.   

 
Since January, 1997, we have repeated these meas-

urements at different times during the Martian year 
(Table 1).  For all of these dates, we have positioned 
the slit N-S along the central meridian; for some dates, 
we also stepped the slit across the planet at 1 arc-sec 
intervals providing a 2-dimensional map across the 
planet.  We also positioned the slit E-W on Mars thus 
providing a measurement of diurnal variations of 
ozone and water.   

 
TABLE I 

CSHELL Observations of Mars 
UT date      Ls     Del-Dot Diameter 
    (km sec-1)  
 21 Jan 1997 67o -15.3 9.6" 
01 Mar 1997 84o -7.2 13.4" 
20 Mar 1999 112o -12.7 12.6" 
 05 Jul 1999 165o 10.5 11.1" 
 15 Jan 2001 103o -17.0 5.7" 
20 Mar 2001 133o -16.5 9.2" 
 10 Jan 2002 306o 13.0 6.0" 
 13 Jan 2003 124o -14.9 4.8" 
21 Mar 2003 154o -15.6 6.9" 
 

In 2001, we began mapping H2O directly at several 
wavelengths, along with nearly simultaneous meas-
urements of HDO (Fig. 1).  This combination enables 
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direct measurement of the D/H ratio on Mars, and it 
permits investigation of possible latitudinal and sea-
sonal effects.  With CSHELL, measurements for both 

isotopic species can be made during either day or 
night.   

 

 
Fig. 1. Detection of HDO (upper panel) and H2O (lower panel) on Mars.  Spectral extracts (5 rows or one arc-

second) on Mars are centered at 18.6ο N latitude, 2:20 PM local time on 18 March 2001 (Ls = 132o).  Spectral lines 
on Mars (arrows) are seen Doppler-shifted from their terrestrial counterparts.  The continuum is contributed by 
sunlight reflected from Mars’ surface, along with thermal emission from the surface; their relative sizes are obtained 
from solar Fraunhofer lines [1].  The modeled terrestrial atmospheric transmittance is shown for each spectral re-
gion, and the difference spectra (residuals) reveal clear detections of HDO and H2O on Mars.  The rotational tem-
perature retrieved from  Boltzmann analyses of line-by-line intensities provides information regarding the altitude 
distribution of the sensed water. 
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Fig. 2.  Comparison of H2O column burdens measured 
by Viking MAWD [7], TES [8], and CSHELL, for a 
common season (Ls = 67 o) but during different years.  
The CSHELL measurements are based on measured 
HDO column burdens and assume D/H enrichment of 
5.2 relative to SMOW.  The comparison may suggest a 
changing ratio in HDO/H2O with latitude. 
 
 
 

Seasonal Variation of Water:  A summary of our 
observations of HDO taken at four different times dur-
ing the Martian year appears in Fig. 3.   

 
Strong variations with latitude and season are evi-

dent.  The enrichment in D/H seen by KAO [5] was 
assumed when expressing the measured HDO in terms 
of total H2O.  For the lowest two panels (Ls = 133o and 
306o) we also measured H2O directly;  the combined 
data set will permit extraction of D/H enrichment fac-
tors directly.  This will test whether deuterium is pref-
erentially sequestered in one polar cap, and will pro-
vide a very secure value for atmospheric D/H on Mars. 
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Fig. 3.  The column burden measured for HDO and 
(apparent) ozone taken at different seasons during 
Mars' year, using CSHELL.  The HDO burden is ex-
pressed in terms of equivalent H2O by assuming a con-
stant D/H enrichment of 5.2 relative to SMOW [5].  
This eases the comparison with water measurements 
obtained in other ways (e.g., TES, Viking MAWD).  
(After Novak et al. 2003 [this volume]). 
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Introduction: The Compact Reconnaissance Im-

aging Spectrometer for Mars (CRISM) on the Mars 
Reconnaissance Orbiter (MRO) will conduct a com-
prehensive series of investigations of the Martian sur-
face and atmosphere. The investigations will be ac-
complished using an instrument design that provides 
high spatial and spectral resolutions, extended wave-
length range, and ability to gimbal through a range of 
orientations. Baseline investigations include a near-
global survey to find high science priority sites, full-
resolution measurement of thousands of such sites, and 
tracking of seasonal variations in atmospheric and sur-
face properties. 

Science Overview: The Mars Exploration Payload 
Analysis Group [1] recommended specific hyperspec-
tral imaging investigations to characterize Martian 
geology, climate, and environments of present or past 
life. CRISM's three groups of investigations address all 
of MEPAG's recommendations (Table 1). The first 
group corresponds to two primary objectives of MRO: 
to search for evidence of aqueous and/or hydrothermal 
activity, and to map and characterize the composition, 
geology, and stratigraphy of surface features. These 
investigations are implemented by high-resolution hy-
perspectral mapping of thousands of high priority tar-
gets including candidate sedimentary deposits [2], vol-
canic regions, crustal sections exposed in steep es-
carpments, and sites which exhibit evidence in Mars 
Express/Omega data for concentrations of aqueously 
formed minerals. The second group of investigations 
addresses the primary MRO objective to characterize 
seasonal variations in dust and ice aerosols and water 
content of surface materials, and the secondary objec-
tive to provide information on the atmosphere com-
plementary to other MRO instruments. This group of 
investigations is implemented using a systematic, 
global grid of measurements of the emission phase 
function (EPF) acquired repetitively throughout the 
Martian year. EPF measurements allow accurate de-
termination of column abundances of water vapor, CO, 
dust and ice aerosols, and their seasonal variations [3]. 
At the same time, the grid's repetitive coverage will 
track seasonal variations in water content of surface 

material. Additional, targeted observations of the polar 
caps will investigate their inventory of water and CO2 
ices.  

When not taking targeted or EPF measurements, 
CRISM will conduct its third group of investigations, a 
100-200 m/pixel, ~59-wavelength survey to search for 
evidence of aqueous activity that lacks morphologic 
expression and/or that is below the resolution of previ-
ous spectral mapping. The survey addresses MRO's 
secondary objective to identify new sites with high 
science potential for future investigation, and will be 
particularly important for identification of key Noa-
chian deposits. For example, even at low Martian ero-
sion rates [4], morphologic expressions of Noachian 
hot spring deposits would have been removed in ~109 
yrs, so that such deposits may now exist only as min-
eralized spots in morphologically unremarkable eroded 
escarpments, crater ejecta, and talus. Much of the sur-
vey will be completed before MRO's highest downlink 
rates, so that newly discovered sites can be targeted 
with full-resolution coverage. 

Instrument Overview: CRISM consists of three 
subassemblies, a gimbaled Optical Sensor Unit (OSU, 
Figure 1), a Data Processing Unit (DPU), and Gimbal 
Motor Electronics (GME). The OSU contains VNIR 
(400-1050 nm) and IR (1050-4050 nm) imaging spec-
trographs that share the same 2.06° field-of-view and 
sample the Martian spectrum at 6.55 nm/channel. The 
per-pixel instantaneous field-of-view (IFOV) of 60 
�rad provides a spatial sampling of 15-19 m/pixel 
from MRO’s nominal 255x320 km sun-synchronous 
orbit. 600 cross-track pixels measure a swath 9-12 km 
wide, depending on altitude.  

Both the mechanical design of the instrument and 
its electronic capabilities address the objectives of ra-
diometric accuracy, operational flexibility, and risk 
reduction. The IR focal plane is cooled with doubly 
redundant cryogenic coolers. A side-facing radiator 
cools the spectrometer cavity to decrease instrument 
background. An onboard integrating sphere provides 
radiance calibration, and a shutter provides back-
ground measurements interleaved with Mars meas-
urements. Each focal plane also has a strip down either 
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side that is not illuminated through the spectrometer 
slit, that senses instrument background and scattered 
light simultaneous with each Mars measurement. Op-
tics and the focal planes are enclosed in a housing that 
is gimballed by a high-precision motor/encoder ±60° 
along-track from nadir. During measurement of a tar-
get, along-track scanning takes out most groundtrack 
speed and allows long integration times and high sig-
nal-to-noise ratio (SNR) data to be obtained. At the 
same time, scanning provides the capability to remeas-
ure a spot repeatedly at multiple emission angles (Fig-
ure 2) to characterize the EPF. High spatial resolution 
(~18 m/pixel from 300 km altitude) allows characteri-
zation of the surface at the outcrop scale, and wave-
length coverage to >4000 nm provides sensitivity to 
carbonates even at low abundances. The DPU provides 
lossless or lossy compression of the data stream in real 
time. Key design elements are adapted from the 
CONTOUR and MESSENGER optical instruments. 

Investigation Overview: Figure 3 and Table 2 
summarize CRISM's three complementary data acqui-
sition strategies, which are built around the three steps 
needed to characterize high scientific priority, small-
scale deposits: find the deposits, separate their signa-
ture from that of the atmosphere, and acquire high 
spectral and spatial resolution measurements with high 
SNR. Most of the time the OSU views nadir, building 
up coverage in multispectral survey mode. >90% of 
the planet is expected to be covered at 200 m/pixel and 
~20% at 100 m/pixel. The ~59 wavelengths used are 
clustered at key mineralogic absorptions; any number 
and location of wavelengths is selectable in software. 
We have verified our strategy of characterizing the 
planet in this mode and finding measurement targets 
by resampling AVIRIS data covering a hydrothermal 
deposit in Mauna Kea [5] to CRISM’s spatial and 
spectral sampling, and then analyzing the results using 
a spectral angle mapper (Figure 4). In either of the 
multispectral modes, hundreds-of-meters scale depos-
its are detectable and even subtle mineralogic differ-
ences such as between types of phyllosilicate can be 
distinguished. Resolution both of smaller scale depos-
its and of mineralogic differences improve substan-
tially in the instrument’s native high spectral- and spa-
tial-resolution mode. 

In the second mode of observing, for a group of 
orbits once every ~9° of Ls, EPFs are measured on a 
latitude-longitude grid to track temporal changes in 
atmospheric aerosols, CO, and water vapor. Every 36° 
of Ls a dense grid is taken to track seasonal changes in 

volatile content of the surface Laboratory studies show 
that measurements of 3-�m band depth are sensitive to 
changes in content of adsorbed water approaching 0.01 
wt.-% for data having a signal-to-noise ratio of ~100 at 
that wavelength, which CRISM is expected to exceed. 

The third mode is targeted observations, 3000-
6000 of which will be obtained at key locations. At 
each site, gimballing is used to take out most along-
track motion, so that the field-of-view is slowly 
scanned over a rectangular swath approximately 11 km 
wide and 20 km long (when measured from 300 km 
altitude). Measurements of the swath are bracketed by 
incoming and outgoing measurements of the EPF of 
the centerpoint of the swath at emission angles up to 
70°. Initial high-priority targets are being identified 
using a targeting basemap of results from Viking, 
MGS, and Mars Odyssey. Later, targets will be identi-
fied in Mars Express/Omega data. CRISM’s multis-
pectral survey provides redundancy to Omega data in 
locating targets that have VIS-IR spectral signatures 
but lack obvious morphologic expressions, and it pro-
vides the spatial resolution needed to identify small 
targets not evident in Omega data. 

References: [1] MEPAG, Mars Exploration Pro-
gram: Scientific Goals, Objectives, and Priorities, 
2000. [2] Cabrol, N. and E. Grin, Icarus, 142, 160-
172, 1999. [3] Clancy, R.T., and S. Lee, Icarus, 93, 
135-158, 1991. [4] Presley, M., and R. Arvidson, 
Icarus, 75, 499-517, 1988. [5] Guinness, E. et al., Lu-
nar Planet. Sci. XXXII, 1659, 2001. [6] Milliken, R. 
and J. Mustard, Lunar Planet. Sci. XXXIV, 1345, 
2003. 

 

 
 

Fig. 1. CAD rendering of CRISM's OSU. 
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Table 1. Summary of CRISM Investigation Strategy 

Objective Implementation / Measurement Strategy 
Target observations using previous geologic studies and re-

sults from TES/THEMIS, MOC, etc. 
Use Omega data to find new targets lacking morphologic or 

thermal IR signatures 
Find new targets of interest: aqueous 
deposits, crustal composition 

Find targets below Omega's resolution using near-global mul-
tispectral survey at key wavelengths 

Observe EPF at each targeted observation to quantify atmos-
pheric effects 

Regularly acquire global grids of EPFs to monitor seasonal 
variations in surface and atmospheric properties 

Separate the surface and atmosphere 
Provide information on spatial/seasonal 
variations in aerosols, H2O, CO, and 
ices Sample compositional layering and seasonal change of polar 

ices 
Measure thousands of targets at full spectral resolution and 

high spatial resolution 
Measure key regions of the surface at key wavelengths at 

higher resolutions than multispectral survey 

Measure surface targets with high spa-
tial and spectral resolutions and high 
SNR 

Conduct inflight calibration of background and responsivity to 
provide radiometric accuracy 

 
 
 

Table 2. Summary of CRISM Data Acquisition Plan 
Mode Pointing Description Expected Coverage 

Full resolution 
Spatial pixels unbinned for target - 18 
m/pixel @300 km, 6x binned for EPF

Half resolution short  
Spatial pixels 2x binned for target - 
36 m/pixel @300 km, 6x binned for 

EPF 
Targeted 

Tracking as 
shown in Fig. 2, 
once per target 

Half resolution long  
Spatial pixels 2x binned for target - 
36 m/pixel @300 km, 6x binned for 

EPF; twice swath length  

3000-6000 targets 

Atmospheric 
Survey  

Tracking as 
shown but no 
central swath 

Spatial pixels 6x binned, 72 m/pixel 
@300 km 

9° lon. x 22° lat. 
grid every ~36° of 

Ls  

27° lon. x 22° lat. 
grid every ~9° of 

Ls 
Multispectral survey 

Selected channels, spatial pixels 
10x binned (~200 m/pixel) 

≥90% of Mars 
Multispectral 

Survey  Nadir-pointed 
Multispectral windows 

Selected channels, spatial pixels  
6x binned (~100 m/pixel) 

~20% of Mars plus sampling of sea-
sonal variation at polar cap  

Calibration Mars night  Observations of onboard sphere At least 6 per day 
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Fig. 2. Schematic depiction of key parts of a targeted observation. 
 

 
Fig. 3. Schematic depiction of key attributes of CRISM's measurement plan for the Martian surface and 
atmosphere. 
 

  
Multispectral survey  

(~200 m/pixel, ~59 channels) 
Multispectral window  

(~100 m/pixel, ~59 channels) 
Full resolution 

(~15 m/pixel, 570 ch., 6.55 nm/ch.) 
 
Fig. 4. Analysis of simulated CRISM data acquired in multispectral and hyperspectral modes, completed 
using AVIRIS imaging of Mauna Kea hydrothermal deposits. Red represents deposits of kaolinite, blue 
montmorillonite, and green saponite. 
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Introduction: New analyses of rocks and soils at 

the Mars Pathfinder landing site have been completed 
using the full Imager for Mars Pathfinder (IMP) 12-
color SuperPan panorama. These revise early conclu-
sions that rocks at the landing site are a single lithol-
ogy coated only by windblown dust. We conclude in-
stead that there is also a second lithology in addition to 
the dominant gray rock, and that it is consistent with 
highlands material excavated from beneath a thin ve-
neer of northern plains; that many rocks have ce-
mented coatings that formed during an early, probably 
wetter climate; and that young rocks excavated after 
coating formation ceased are mainly breccias or con-
glomerates. 

Data and Data Processing: The SuperPan [1,2] 
was collected as 8 distinct multispectral mosaics (oc-
tants) that together form a 360° panorama. The mosaic 
sequences - S0181 through S0188 - were taken at dif-
ferent local solar times, due to limitations in spacecraft 
recorder space and downlink and to a goal of comple-
menting illuminations in previous IMP mosaics.  

Pre-processing of the SuperPan included correction 
for instrumental effects, transformation to estimated 
I/F (or R*) using images of an onboard calibration 
target acquired close in time to the scene images, and 
map projection. Accumulated systematic errors during 
these steps led to two types of systematic errors that 
were corrected before further analysis. First, small 
registration errors (typically 1-2 pixels) between image 
bands at some frame positions were identified by ratio-
ing to the 670-nm mosaics, and shifting individual 
frames relative to those mosaics. Second, errors in 
relative calibration of different wavelengths of up to 1-
2% occur between frames within octants as well as 
between octants. The origin of these variations may be 
errors in corrections for temperature-dependence of 
CCD response as a function of wavelength, variations 
in illumination between the scene and the calibration 
target images used during processing, and time varia-
tion in coverage of the targets by airfall dust [3]. Be-
tween-frame variations were calibrated out using the 
670-nm mosaic of S0184 as a reference. One at a time, 
the mosaics at other wavelengths were ratioed to the 
red mosaic to highlight relative calibration errors. 
Multiplicative corrections were applied at other wave-
lengths on a frame-by-frame basis to match relative 
colors at the boundaries between frames. The full oc-

tants were intercalibrated by the same method using 
flat, well-illuminated soils within overlapping parts of 
the scene.  

Key mineralogic absorptions were parameterized 
and analyzed in image form. These include depth of 
the ferric iron absorption at 530 and 660 nm, and depth 
of the 900-nm band which can be due to either ferric 
or ferrous minerals. 660-nm band depth was measured 
indirectly, as strength of the inflection or “shoulder” at 
its short-wavelength edge at 600 nm.  

Spectral variations with azimuth and between pos-
sible lithologies were then examined. Rocks were di-
vided into shape classes relevant to lithology as sum-
marized in Figure 1, using losslessly compressed 670-
nm mosaics. Spectral parameters were measured for 
15° azimuthal bins of each shape class. 

Azimuthal and Shape-Class Variations in Rock 
Coatings: Rock shapes fall into two major groupings. 
Lobate and knobby rocks have shapes that approxi-
mate agglomerations of smaller, rounded to subangular 
portions. Previously these rocks have been interpreted 
possibly as conglomerates [4-6]. Together with peb-
bles, these rocks account for 28% of the classified rock 
surfaces. The remaining classes have shapes generally 
defined by planar surfaces. The most common rock 
shapes, angular and tabular, grade into one another and 
probably represent a more massive and possibly lay-
ered lithology. Exclusive of flat rocks, this group ac-
counts for 64% of classified surfaces. Flat rocks (8%) 
appear to be no more than mostly buried tabular and 
angular rocks, and many transitional examples are evi-
dent. They differ spectrally, however, in that they have 
distinctly greater cover by reddish soils. 

Not all spectral variations on the rock surfaces can 
be explained by simple physical mixing of gray rock 
and reddish soil or dust. Variations in 530-nm band 
depth do largely follow the “redness” in a color com-
posite image (Figure 2a), and indicate variations in the 
relative abundances of ferric-rich altered soil and rela-
tively unaltered rock [7]. However enhancements in 
strength of the 600-nm shoulder are restricted to rocks 
and dark dunes having some coating by soil (Figure 
2b). The 600-nm shoulder is comparatively weak in 
rock-free red dust. Several possible explanations for 
the enhanced 600-nm shoulder are untenable: its oc-
currence or lack thereof on nearly rocks is inconsistent 
with illumination effects, and the downward curvature 
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of the shoulder is inconsistent with expected contin-
uum effects due to coatings [8]. The simplest explana-
tion is an enhanced concentration of one or more crys-
talline ferric minerals that has a 660-nm band. Rocks 
with an enhanced 600-nm shoulder do not exhibit a 
strengthened 530-nm band, as expected for hematite. 
The most plausible phases - goethite, akageneite, or 
schwertmannite - all require liquid water to form. 

The azimuthal distribution of strengths of the 530-
nm band and 600-nm shoulder provide evidence for 
the origin of these coatings. Rocks of both major shape 
groups show a minimum in 530-nm band depth look-
ing SW (Figures 3a and 3c), consistent either with 
preferential removal of soil and dust coatings from 
rock surfaces that face upwind to the present NE pre-
vailing winds, or with deposition in the rocks’ lees [6]. 
Angular, equant, and tabular rocks and large boulders 
(Figure 3b) also exhibit a maximum in strength of the 
600-nm shoulder on NE-oriented faces. These obser-
vations are well explained by Bishop et al.’s [9] 
model, in which ferric minerals in soil adhering to rock 
were partially recrystallized in thin films of water to 
form cemented desert varnish. Subsequent eolian 
scouring of upwind surfaces largely removed the ad-
hering soils, but left a stain rich in the cementing phase 
having a 660-nm band stronger than in the adhering 
soil. 

Origin of Lobate and Knobby Rocks: Lobate and 
knobby rocks and pebbles lack an enhanced 600-nm 
shoulder on their upwind, NE-facing surfaces (Figure 
3d), in contrast to the enhancement on angular, equant, 
and tabular rocks and large boulders (Figure 3b). This 
difference is striking when comparing images of 600-
nm shoulder strength showing only the rocks in each 
group (Figures 2c and 2d). One possible explanation, 
a different composition of the major rock shape 
groups, is inconsistent with APXS results.  Measure-
ments of rocks in both shape groups were obtained - 3 
angular rocks, 1 large boulder, and 1 lobate rock - and 
there is no evidence for a significant difference in ma-
jor element composition. Alternatively, the lack of an 
enhanced 600-nm shoulder on lobate and knobby 
rocks and pebbles could result from their having been 
emplaced subsequent to the time at which the coatings 
formed on angular, equant, and tabular rocks and large 
boulders. This possibility is supported by observed 
stratigraphic relations (Figures 3e to 3h). Where pairs 
of rocks with clear stratigrpahic relations are recog-
nized, and there is a difference in strength of the rocks’ 
600-nm shoulder, the younger rocks consistently ex-
hibit the weaker shoulder. This places lobate and 
knobby rocks high in the stratigraphic column, con-
straining the rocks’ possible origin. One possible ex-
planation for the rocks’ protuberances - formation as 
pillow basalts [4] - is inconsistent with the young age, 

long after the period of outflows. Deep eolian erosion 
leaving resistant knobs [6] is inconsistent with preser-
vation of thin (<40 µm [7]) coatings on nearby older 
rocks. The simplest explanation for the lobate and 
knobby shapes is that they reflect primary fabric, and 
that the rocks are in fact breccias or conglomerates. 
Given their emplacement long after outflows, there is 
no obvious mechanism for long-distance transport of 
the lithified rocks. They must represent lithified local 
regolith, probably excavated by a nearby crater. 

“Black Rocks,” Samples of Highland Basement: 
Among the least coated rocks, a small percentage con-
sists of “black” rocks which have a strong 950-nm 
pyroxene absorption absent from the predominant gray 
rocks, and a reflectance peak shifted to shorter wave-
lengths by ~80 nm (Figure 4). This feature occurs on 
widely separated discrete rocks in all size fractions. 
Several pebbles in the foreground are black rock, and 
in the distance boulder-sized examples are recognized 
(Figure 5a-5b). However the largest occurrences are 
on two 1- to 2-km distant topographic knobs: the south 
flank of North Twin Peaks, which exhibits a 10s-of-
meters scale deposit (Figure 5a-b), and the rim of Big 
Crater (Figures 5c-d). Both have been interpreted as 
exposures of the basement underlying local rocks [5]. 

As with the 600-nm shoulder, occurrence or lack of 
a deepened 900-nm band on nearly rocks is inconsis-
tent with illumination effects. The systematic and 
wavelength-dependent changes in spectral curvature 
are inconsistent with continuum effects. Its occurrence 
on two distant features is not an effect of atmospheric 
path length, because other knobs at comparable or 
greater distances and within the same mosaics lack the 
deepened band. The simplest explanation is a miner-
alogic difference. The shape of black rock spectra 
could result from a greater content of lo-Ca pyroxene 
plus olivine, or possibly orthopyroxene. 

In the infrared, black rocks resembles basalts that 
dominate the southern highlands (Figure 4). Their 
abundance on apparent exposures of basement suggest 
that highlands basalt-like rock has been exposed 
through a hundreds-of-meters thick veneer of a low-
land lithology dominated by gray rock. 
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104, 8555, 1999. [6] R. Greeley et al., J. Geophys. 
Res., 104, 8573, 1999. [7] H. McSween et al., J. Geo-
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Pebble Knobby Lobate Angular Equant Large  

boulder Tabular Flat 

Fig. 1. Type examples of rock shape classes. 
 

a  b  

c  d  

e  f  g  h  

Fig. 2. (a) Enhanced visible-color composite of octant S0184, located southwest of the lander. This octant 
is dominated by scoured upwind rock faces, and contains a dense population of rocks and examples of 
most shape classes. (b) False color representation of magnitude of the 600-nm shoulder in S0184. Red 
represents the strongest shoulder and blue the weakest. The range of variation shown is 8%. Note that 
strong 600-nm shoulders are restricted to rocks. (c) False color representation of magnitude of the 600-
nm shoulder, showing only flat, tabular, angular, and equant rocks and large boulders. (d) False color 
representation of magnitude of the 600-nm shoulder, showing only pebbles and lobate and knobby rocks. 
Note the absence of strong shoulders compared with all other classified rocks shown in (c). (e-h) False 
color representations of magnitude of the 600-nm shoulder, for rocks with clear stratigraphic relations 
(arrows). Note that superposed rocks have weaker 600-nm shoulders; they are also less reddened. 
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a  b  

c  d  

 
 
 

Fig. 3. Spectral variation with azimuth of IMP’s look direction to 
rock surfaces. (a) 530-nm band depth for angular, equant, and 
tabular rocks and large boulders. (b) Same as (a), except show-
ing 600-nm shoulder strength. (c) 530-nm band depth for peb-
bles, lobate, and knobby rocks. (d) Same as (c), except show-
ing 600-nm shoulder. 

Fig. 4. Spectra of black and gray rocks 
compared with orbital measurements 
of southern highlands with atmos-
pheric radiance removed [10], which 
approximates R*. 

 

a  b  

c  d  
Fig. 5. (a) Enhanced visible-color composite of octant S0183, located west of the lander. Inset images 
show occurrences of black rock. (b) False color representation of 900-nm band depth in S0183. Red 
represents the deepest band and blue the shallowest. The range of variation shown is 7%. Note the large 
patch on the south slope of North Twin Peak. (e) Enhanced visible-color composite of octant S0185, lo-
cated south of the lander, including Big Crater. (f) False color representation of 900-nm band depth. Note 
the elevated band depth on the rim of Big Crater. 
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Introduction: The Polar Layered Deposits long 

have been believed to be dominantly ice-rich deposits 
incorporating a variable amount of aeolian dust 
accumulated in response to quasi-periodic climate 
fluctuations.  There had been great anticipation for 
unraveling a detailed stratigraphic and associated 
climate record from the now abundant high resolution 
MGS MOC and MOLA data. 

Such elucidation has proven more difficult to 
realize than expected, because of numerous vertical 
breaks in the record due to deformation and 
unconformities, and perhaps also more abundant 
along-strike variations in layer properties than 
expected.  Furthermore, profound differences between 
the northern and southern layered deposits are 
highlighted by these abundant high-resolution data, 
making it increasingly difficult to postulate any simple 
common global climate process driven by obliquity 
variations for their origin.  Pre-MGS suggestions that 
the northern deposits are younger than the southern [1] 
have been confirmed [2] and seemingly rule out any 
hemispheric climatic alternation process that would fit 
within the maximum periodicity of the obliquity cycle, 
chaotic or deterministic. 

Equally challenging to expectations of symmetry 
between the atmospheric forcing process that produced 
the north and south polar deposits is the discovery [3] 
of a 300-500 meter basal sand unit underlying the 
north polar layered deposits. This surprising 
depositional relationship implies ice deposition did not 
occur in the north during many 10s of million of years 
while it was taking place at the south.  No postulated 
fluctuation in orbital elements, of which we are aware, 
is a plausible cause of such a sustained difference in 
north vs. south polar environments.  In contrast to the 
approach used sometimes to studying layering within 
terrestrial deep-sea cores by presuming a Milankovitch 
signal is discernibly encoded in the stratigraphy, on 
Mars we lack the confident knowledge of strong 
enough astronomical signals impressed uniformly 
within the depositional record to assure correlation, 
although it is likely that portions of that Martian signal 
are widely, but variably, present within the polar 
layered deposits. 

 
 
 

The Importance of the Polar Landscape Record: 
 Here we present an alternative way to infer the 

preliminary history of the south polar layered deposits 
by recognizing the probable stratigraphic sequences of 
a variety landforms presently recognizable on the 
surfaces of the south polar layered deposits (SPLD).  
In addition to identifying a preliminary sequence of 
events, we wish to be especially alert for evidence of 
recent polar layered events that might be clues to water 
vapor episodes associated with the enigmatic “gullies” . 

 
South Polar Cratering Record: 
 
Degraded 0.8-4.0 km population. These occur on 

lower SPLD exposed away from the thickest central 
deposits.  The population abundance is consistent with 
an apparent exposure age of ~108 years.  These craters 
are remarkably and consistently shallow, yet still 
exhibit modest rims [2]. We have identified no 
plausible sedimentary explanation for this degradation 
pattern and find the “viscous relation”  explanation 
proposed by Pathare [4] for craters larger than 1 km to 
be promising.  The absence of any fresh craters 
preserved in this diameter range suggests further to us 
that the current population was protected from more 
recent impacts by a covering of overlying sediments 
that was subsequently removed.  Thus the current 
surface within which they are now exposed must be 
an unconformable one. 

 
Sparse 0.05- 0.7 km primary population. At higher 

elevation nearer the south residual cap, where no larger 
craters are found, instead a sparse population of 
primary craters ranging from fresh to degraded is 
present.  The abundance is so low in comparison to the 
larger-diameter population that it is consistent with an 
apparent age of only ~105-106 years.  Furthermore, the 
present scarcity requires that the very large numbers 
of small primary craters that formed on that 
surface previously have been completely removed 
in an obliteration episode as recently as  ~105-106 
years ago, and probably many other times before that. 

 
Probable Secondaries from the McMurdo Impact 

Crater. The sizes, morphologies, and distances from 
McMurdo of a sub-group of small 0.2-0.8 km craters 
suggest they are in fact secondaries of that surprisingly 
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fresh 23 km impact crater located within the edge of 
the residual cap at 84.5° S. (Described elsewhere in 
this conference). Most important for our stratigraphic 
interest is the fact that those probable secondaries 
formed into the highest and presumably youngest 
SPLD surface.  This observation would indicate that 
McMurdo formed AFTER the most recent SPLD 
layers formed and hence is one of the youngest 
landforms in the south, other than elements of the 
Residual Cap itself such as the “Swiss Cheese”  terrain 
[5] and perhaps the “dark ice”  exposures [6].  The 
same kind of reasoning also would suggest that the 
north polar layered deposits are younger still, and 
perhaps are even still forming locally within the large 
residual cap there [7]. 

 
Unusual Features Occurring ~ 83
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 S, 265
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-270
�

 W: An assemble of 
bizarre features apparently not present elsewhere on 
Mars or Earth occurs in that region which we have 
discussed under the rubric “Wire Brush”  (described 
elsewhere in this conference).  They seem to require 
some unique combination of aeolian, glacial and 
volcanic processes for their origin.  Fortunately, 
several small primary impact craters have been located 
within the degraded area, which seemingly are part of 
the sparse population described above.  These primary 
craters are unusually degraded and buried, thus 
suggesting that the “Wire Brush”  processes may have 
operated within the last 105-106 years. 

 
A Possible Sequence of Events Recorded by 

SPLD: (In Descending Order and Overlapping in 
Some Cases) 

 
• Growth of “Swiss Cheese”  during last 102years. 
• Localization of Current Residual Cap 
• McMurdo Impact 
• Most recent accumulation of central SPLD 
• Most recent activity of “Wire Brush”  degradational 

processes 
• Small crater obliteration episode  ~105-106 yrs ago. 
• Initiation of “Wire Brush”  Activity 
• Exposure of ~100,000,000 yr old sequence of SPLD 

containing highly degraded 0.8–4.0 km crater 
population 

• Burial of above sequence of SPLD 
• Extensive accumulation of “old”  SPLD now present 

below that unconformity 
• Base of Amazonian SPLD and unconformable 

contact with Hesperian 
 

Preliminary Conclusions: Much work remains to 
be done to confirm this preliminary sequence and 
clarify the lengths of the episodes listed above.  Local 
correlation of layers may begin to provide stratigraphic 
richness within such a broad landform-controlled 
framework. 

With the advent of MGS and now Mars 
Odyssey datasets the differences between the north and 
south layered deposits now begin to outweigh their 
similarities.  Certainly the old paradigm of equivalent 
layered deposits at both poles, which are controlled by 
the global change associated with obliquity variations, 
seems more and more untenable.  Our work to date 
suggests a much higher degree of local and 
hemispherical control than was previously appreciated.  
Not only are the northern and southern layered 
deposits significantly different, but now it also appears 
that different areas within the southern layered deposits 
have had substantially different histories.  The 
increasing complexity of our knowledge of the polar 
history of Mars is a natural consequence of the vast 
increase in information over the past few years and we 
can expect this trend to continue. 
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GEOLOGICAL EVIDENCE FOR RECENT MARTIAN ICE AGES  J. F. Mustard1 , J. W. Head1, M. A.
Kreslavsky1,2, R. E. Milliken1 and D. R. Marchant3,  1Department of Geological Sciences, Brown University, Provi-
dence RI 02912 USA,     John_Mustard@brown.edu    , 2Astronomical Institute, Kharkov National University, Kharkov,
Ukraine, 3Department of Earth Sciences, Boston University, Boston MA 02215 USA.

Introduction and Summary: Recent exploration
of Mars has revealed abundant water ice in near-
surface deposits of the mid-to high latitudes in both
hemispheres.  Here we show evidence that these near-
surface, water-ice rich units represent a mixture of ice
and dust that is layered, meters thick, and latitude de-
pendent.  These units were formed during a geologi-
cally recent major martian ice age, and were emplaced
in response to the changing stability of water ice and
dust on the surface during variations in orbital pa-
rameters.  Evidence for these units include a smoothing
of topography at subkilometer baselines from about
30o north and south latitudes to the poles, a distinctive
dissected texture in MOC images in the +/-30o-60o

latitude band, latitude-dependent sets of topographic
characteristics and morphologic features (e.g., poly-
gons, 'basketball' texture, gullies, viscous flow fea-
tures), and hydrogen concentrations consistent with the
presence of abundant ice at shallow depths above 60 o

latitude. The most equatorward extent of these ice-rich
deposits was emplaced during the last major martian
ice age between 0.4 and 2 Myrs, down to latitudes of
30°.  Mars is currently in an "interglacial" period and
the ice-rich deposits between 30-60° are presently un-
dergoing reworking, degradation and retreat in re-
sponse to the current stability relations of near-surface
ice. Unlike Earth, martian ice ages are characterized by
warmer climates in the polar regions and the enhanced
role of atmospheric ice and dust transport and deposi-
tion to produce widespread and relatively evenly dis-
tributed smooth deposits at mid-latitudes during orbital
extremes.

Geological Observations: A number of geological
observations made with new data from the Mars
Global Surveyor and Mars Odyssey missions show
features that are latitude dependent.  These build on the
latitude dependent features observed with Viking and
Mariner data [1, 2, 3].  Kreslavsky and Head [4, 5]
investigated the roughness and concavity (Figure 1) of
the martian surface with the full resolution Mars Or-
biter Laser Altimeter (MOLA).  These analyses
showed a pronounced smoothing of the 0.6 km base-
line topography beginning around 30° N and S and
extending to the polar regions.  They also showed that
the topography showed a distinct reduction in concav-
ity in the 30-60° N and S latitude bands.  They attrib-
uted  these observations to the presence of a meters
thick mantle that was continuous poleward of 60° but

discontinuous in the 30-60° latitude bands.  Mustard et
al [6] mapped the presence-absence of a unique me-
ters-scale morphology in Mars Orbiter Camera (MOC)
images.  The morphology indicated the presence of a
meters-thick surface deposit that was in a state of par-
tial degradation.  A survey of 15,000 images revealed
that this unique morphology was restricted to the 30-
60° latitude bands (Figure 1).  They interpreted this to
indicate the presence of a formerly ice-cemented dust
deposit from which the ice had sublimated and that
was now being disaggregated and degraded.  Other
investigators have noted latitude dependence in the
presence of unique morphologies  such as viscous flow
features, gullies, and periglacial-like morphologies
[e.g. 7, 8, 9, 10]

A remarkable result of the Mars Odyssey Gamma
Ray Spectrometer (GRS) is the high concentration of
hydrogen beneath a thin layer of dry soil in the top two
meters of the martian soil at latitudes greater than 60°

N and S [11, 12].  Modeling suggests that the concen-
tration of hydrogen would require 35-50% by mass of
water ice, which would correspond to an even greater
amount by volume.  The present equatorward limit of
the these high hydrogen concentrations match ex-
tremely well the predicted latitude where ice would be
in equilibrium with present-day atmospheric conditions
[13].  Figure 1 shows the latitude distribution of a sub-
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Figure 1:  Example of the correspondence among geo-
logical observations.  The line shows the latitude depend-
ence of topographic concavity while the bars show the
precent of MOC images showing dissection.  They both
show a high correlation in the mid-latitude regions.
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set of these features to illustrate their compelling lati-
tude dependence.

Climate Models:   The obliquity, eccentricity, and
longitude of perihelion of Mars are known to have
varied dramatically over the last 10 Myrs [14] and
these changes will have important consequences for
the martian climate and the distribution of volatiles.
Recent modeling of the behavior of the martian climate
under different orbital configurations and its effects on
the distribution of volatiles [15, 16] predict that at an
obliquity of 35°, 10s of meters of water-ice can be
sublimated from the poles over an orbital cycle (10s of
thousands of years) and redeposited in the mid-
latitudes resulting in a meters-thick deposited in these
regions.  With an obliquity of 45° this process is more
vigorous, and in fact deposits of perennial ice are pre-
dicted at the equator.  Ice deposited by this process are
likely to be dust rich.

Orbital Cycles:  Ice stability in the near surface of
Mars is most strongly controlled by obliquity [13].
When obliquity exceeds approximately 30°, then ice
stability moves towards the equator and is stable to
within 30° of the equator.  Over the past 400 kyrs, the
obliquity has remained within a relatively narrow
range (22-26°, Figure 2), while eccentricity and pre-
cession have varied strongly.  If eccentricity and pre-

cession controlled the formation of the geologic obser-
vations, then we would expect an asymmetric distribu-
tion reflecting the most recent conditions.  Clearly the
geologic observations are almost perfectly symmetric
about the equator. Between 400 and 2000 kyrs ago the
obliquity regularly exceeded 30°.  This would have
facilitated the transport of water ice from the poles to
the mid-latitudes and be co-deposited with dust.  Dur-
ing the brief low obliquity periods between these
highs, water ice would sublimate from these deposits.
However, surface lags of dust would form, similar to
the Fox Permafrost tunnel in Alaska [17] retarding
sublimation and preserving aspects of the deposit.

Martian Ice Ages:  The remarkable congruence
between geological observations over a range of scales
and type with predictions of ice stability over orbital
time scales and climate models are strong evidence
that the last several million years have witnessed the
deposition and reworking, multiple times, of a meters-
thick ice-dust deposit in the mid-latitudes of Mars
(Figure 2).  These are the deposits of the martian ice
ages and have significantly affected surface processes
in these regions.  It is likely that there are remnant de-
posits beneath surface lags in regions close to the
equator.
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Figure 2.  Schematic showing the relationship between
obliquity cycles over the last 3 Myrs and deposition-
erosion of latitude dependent surface deposits.  The blue
regions mark martian ice ages, the yellow regions inter-
glacial periods
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SYNOPTIC SEASONAL STRUCTURE EVOLUTION OF THE LOW-LATITUDE CLOUD BELT.  T. Nakakushi1 , T. 

Akabane2, K. Iwasaki3 and S. M. Larson4, 1Graduate School of Human and Environmental Studies, Kyoto University (e-mail to 

kushio@gaia.h.kyoto-u.ac.jp), 2Shinshu University, 3Kyoto-Gakuen University, 4Lunar and Planetary Laboratory, University of Arizona.

Introduction:  Recently, the importance of the role of water vapor and/or ice clouds has been recently emphasized, though their 
activities had not been examined in the post-Viking years. Among them, the most important substances are the polar caps and the low-
latitude cloud belt which appears in northern summer. It has been widely accepted that this cloud belt should be  coupled with the 
ascending branch of the ``cross-equatorial Hadley circulation'' which forms in the solstitial seasons. A revolutionary development of 
observation techniques/devices (including spacecraft) in the latter half of the 20th century allowed us to examine the appearance and 
activated behavior of the cloud belt. Few of the observational reports, however, have discussed its dissipating behavior [e.g., 1,2,3], and 
our knowledge about it has come mostly from theoretical methods. The paucity of reports on this issue prompted us to investigate it based 
on observations. By combining this dissipating behavior with the previously known developing/mature state, this study attempts to give 
an entire story of the cloud belt, and of the Martian climate. 

Observations: This is a brief report on the Martian climate, based on our ground-based observations in 1997, 1999, and 2001. The 
focus is the entire synoptic behavior and evolution of the low-latitude cloud belt appearing around the aphelion. The 1997 and 1999 
observations are very suitable for the mature state of the cloud belt. The first half of the 2001 apparition corresponded to the northern late 
summer/early autumn on Mars. It was suitable for studying the dissipating behavior, and especially for studying the latitudinal coverage of 
the cloud belt, because we could observe Mars from ``equator-on'' views, that is, the sub-Earth point was almost on the equator in this 
apparition. The telescope which we used in 1997 was the 65 cm refractor at Hida Observatory, Japan. Those in 1999 and 2001 were the 
Steward Observatory Mt. Lemmon 60 inch and Catalina 61 inch telescopes in Arizona, U.S.A. Image pixel sizes range from 0."08 to 
0."18. All of the images were blue-filtered (less wavelengths than 440nm, with narrow-band filters). We restrict the following discussion to 
this wavelength accordingly.

The bias subtraction and flat fielding were performed using the astronomical standard Image Reduction and Analysis Facility (IRAF) 
software package. IRAF is distributed by National Astronomy Observatories (NOAO), which is operated by the Association of Universities 
for Research in Astronomy, Inc., under contract to the National Science Foundation.

Diurnal Variation of Water Ice Cloud Opacity:  We present in this section the results of measuring the water ice optical thickness in 
blue light. We define here a cloud ``belt'' as wholly encircling the tropics, and a cloud ``band'' as a cluster of WICs covering broad areas of 
the tropics. Our WIC-opacity estimation algorithm is based on the ``discrete-ordinate'' method. The parameters adopted here were as 
follows: the Minnaert exponent, k = 0.53 [4, for small phase angles]; the ground normal albedo,  An = 0.06 [5]; the opacity of CO2 

atmosphere and that of dust were assumed to be 0.01 [6], and 0.3 [7,8], respectively. All of these values, and also hereafter, were treated as 
those in blue (~ 440nm) according to our observations. The phase function for water ice particles used here was that of Clancy and Lee [9]. 
In this paper, the region of interest on this WIC opacity estimation is Arabia, centered at (315oW, 10oN). For further details and other 
information, the reader may refer to our previous papers, where it was also demonstrated that the constancy of dust opacity (=0.3) does not 
greatly affect the opacity estimation of WICs [8,10,11, and references therein]. 

  
Figure 1. (left) Diurnal variations of WIC opacities in 1999 and 2001.
Figure 2. (right) Sample image taken on 2001 June 6. A faint, broad cloud band can be seen (the sub-Earth point longitude is 33oW). The 
contrast is slightly enhanced.
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Figure 3. Northern/southern limits. The dashed lines at 30oN and 10oS show those suggested by Clancy et al. [14]. 

Figure 1 depicts the derived diurnal variation of the WIC opacity on 2001 June 6 (Ls = 174o). Figure 2 is a sample image. For a 
comparison, results from similar calculations for 1999 April 20 (Ls =127o) are included in the figure. The WIC band on this day can be 
seen in Figure 1 of Nakakushi et al. [10]. 

The WIC opacities at Ls = 174o in Figure 1 are much smaller than at Ls = 127o. The factor is ~ 1/2 at around 1300MLT (Martian 
Local Time). Although these results show that the cloud band was significantly weakened at Ls=174o in 2001, we emphasize here the 
existence, itself, of the cloud band of moderate dimension (as seen in Figure 2) with an opacity of ~ 0.1 as late as at Ls = 174o. However, 
the ``faint'' cloud band may be a kind of ``visual product'' and it may not be real; the existence of the morning clouds, which form the 
morning part of the cloud belt, is clearly recognized (on the left side limb of the Mars disk in the figure), so that the results presented in 
this paper will not be seriously damaged by this uncertainty. The existence of the cloud belt/band will be justified by upcoming reports on 
spacecraft observations. Smith and Lemmon [12] also showed the presence of WIC(s) during the Mars Pathfinder mission (Ls = 142o-188o 
in 1997). However, their result doesn't imply the presence of the WIC belt  (nor band), as shown in Figure 2. A reanalysis of Viking data 
sets [13] also shows evidence for clouds in the equatorial region between Ls = 110o-170o, though the spatial coverage of the data is not 
complete. 

Latitudinal Coverage of the Cloud Belt:  There have been several works which indicate that the aphelion cloud belt usually covers 
the tropical zone of 30oN-10oS [e.g., 13,14]. We examined the Ls-dependence of the latitudinal distribution of the cloud band using 
images obtained in these three apparitions: 1997, 1999, and 2001. The presence of WICs can be discerned in blue(violet)-filtered images. 
We first obtained the brightness distribution of each image. For this analysis the data points used were confined within 1100-1300MLT 
(i.e., around the sub-solar point), that is, we neglected the dependence of the WIC distribution on the topography. The grid-point spacing 
was 3o by 3o. These brightness data were then longitudinally averaged. The averaged brightness data were plotted as a function of the 
latitude. Finally, we defined the latitude which gave the maximum second-order differential of the brightness curve as the ``northern/
southern limit latitude.''  

The obtained Ls-dependence of the northern and southern limit latitudes of the cloud band (belt) is presented in figure ¥ref{nslimit}. 
The northern limit of the cloud band does not show any significant Ls-dependence, while the southern one expands around Ls ~ 120o-
130o. This southern limit expansion, however, may be due to low resolution on the observations, and/or due to the inclination of the 
Martian rotation axis to Earth, in the 1999 apparition. However, we note that the latitudinal coverage of the band shows no significant 
``shrinking'' toward the dissipation. This suggests that the cloud band has a minimum latitudinal dimension. Wolff et al. [15] suggested 
that the band's dissipation occurred at Ls ~ 146o in 1997. Smith et al. [2] suggested that it occurred near Ls = 145o in 1999. Both saw 
clouds between 30oN and 10oS. In the 2001 apparition, the public image of Mars taken with HST on June 26 with the 410nm filter 
apparently suggests that the bands no longer existed by Ls ~ 185o  (press-released HST images, including this image of Mars, are available 
from the World Wide Web server for the STScI at http://www.stsci.edu/). We could not find any significant low-latitude WIC belt/bands in 
our images at Ls = 178o (2001 June 15). The comparison of Figure 3 to these solar longitudes of dissipation for each year suggests that the 
band (belt) had never reduced its dimension to under the 30oN-10oS latitudinal range until its end. 
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Figure 4. Images on 1999 April 27. The upper-left direction is north on Mars. The longitudes of the sub-Earth point (LONSE) are 181o, 

191o, 212o, 232o, and 256o, respectively (left to right). Within the image of LONSE = 181o, we can see a large orographic cloud over 

Elysium in the morning side, a large faint cloud near Amazonis on early afternoon, a bright Olympus orographic cloud in the evening, and 
a bright WIC zone on the dusk limb. The WIC band is (or appears to be) led by the Elysium cloud(s).

Figure 5. Monthly mean (2000 August) 200 hPa velocity potential (contours) and divergent wind vector (blue arrows) on Earth [17]. The 
divergence and convergence are represented as ``D'' and ``C'', respectively, in units of 106$ m2s-1. The longest arrow indicates 4 ms-1. 
Since the 200 hPa level corresponds to that near the tropopause on Earth, the divergence (convergence) zones can be regarded as the rising 
(sinking) branches of the Hadley cells.

Remarks and Summary:  On 1999 April 27 (Ls = 130o), the planetary encircling WIC belt had divided into a ``semi-encircling'' band 
(led by the Elysium orographic cloud) and a discrete cloud centered at around (170oW, 10oN), southwest of Amazonis (see Figure 4), 
whereas some orographic clouds were present. Our images taken on 1999 February 28 (Ls = 104o) show a similar situation. This Ls = 
104o period is the time when the cloud belt (or cloud bands) should show its (their) strong (maybe strongest) activity. An HST cylindrical 
map image [e.g., 14] presents the cloud belt in its mature state at Ls = 68o in 1995. We notice less cloudiness around 180oW on the HST 
map image, though no corrections for cloud limb brightening had been applied to the map. Our images at Ls = 95o (1997 March 24) also 
show the mature cloud belt even around the Amazonis area [16, their Figure 2]. Plate 3 of Tamppari et al. [13] suggests the presence of the 
belt/bands/clouds until Ls ~ 120o-140o. Moreover, though they did discuss clouds associated with topography, their results still need 
closer investigations in terms of this issue of the WIC division/dissipation behavior. Although we can not apparently identify the bands in 
our images on 2001 June 15 (Ls = 178o) due to their being too faint and/or due to the occurrence of the blue clearing in the Syrtis Major 
region, there might remain a faint, but modestly large, cloud over Arabia with a similar latitudinal dimension. The directly inferred 
dissipating behavior is summarized as followed: (1) The cloud belt is already in its full-encircling mature state by Ls = 84o, and so 
continues the state until Ls ~ 100o. (2) The belt gradually divides into semi-encircling band(s) and discrete WIC(s) around  Ls ~ 100o-
110o. Although this division may not occur apparently if the belt's activity is too strong, the cloud activity may be expected to localize. 
(3) The clouds/cloud bands fade away towards the equinox without prominent latitudinal shrinkage. 

Many theoretical studies have predicted a cross-equatorial Hadley cell from the summer hemisphere to the winter hemisphere in seasons 
including the solstices [e.g., 18]. Clancy et al. [14] suggested that the northern summer ascending branch of this cross-equatorial Hadley 
cell is embodied in the low-latitude cloud belt. Our Figure 3 therefore indicates that the Hadley cell keeps its minimum dimension at least 
while the cloud band is alive. The division (or ``discretization'') of the cloud band pointed out above may imply localization of the Hadley 
circulation. Local Hadley cells are also suggested on Earth [17; see Figure 5], though their properties and causes may probably be different 
from the expected Martian ones. 

On the other hand, we have discussed the mature and dissipating behaviors of the belt, and its relation to the orographic and evening/
morning clouds [8,10,11]. Accordingly, we proposed that (1) morning clouds which do not dissipate even in midday due to the growing 
Hadley circulation and the decreasing solar insolation should tie to evening clouds, forming the cloud belt: (2) the belt should localize 
longitudinally in the dissipating phase. 

These apparently inconsistent theories may be consistently connected by the effects of atmospheric waves, thermal tides in particular, 
which is proposed in this article. Morning/evening clouds can be recognized firstly to be formed in convergent/upwelling and/or cool 
regions due to prominence of a semidiurnal tide. This effect should be more prominent by superimposing the increasing Hadley circulation, 
which forms the cloud belt. In the dissipation, the inverted processes should make the localization of the cloud belt and the background 
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Hadley circulation. Although this idea surely requires more investigation, the outline of the story that tells the superimposition of large-
scale atmospheric waves onto the cross-equatorial Hadley circulation. ``Waves'' may be the key to the cloud belt. 

In the 2001 apparition, the cloud belt was alive at Ls = 174o with an optical depth of ~ 0.1, and its end was around Ls ~ 180o. 
Reportedly, a global dust storm rose from the Hellas Basin just after the belt's/band's dissipation (Ls ~ 180o-190o) in 2001 [e.g., public 
GIF images from MGS (Mars Global Surveyor) TES (Thermal Emission Spectrometer), personal communication with Christensen et al.¥ 
of Arizona State University]. This seems unusually early for large-scale dust storms. The storm became the largest in several decades and it 
wrapped the entire planet for several months. These facts urge us to hypothesize that there is some connection between the strong and long-
lasting activity of the WIC bands in the 2001 northern summer and the strong and long-lasting activity of the dust storm. An investigation 
of this relationship will be a part of future studies in order to clarify the interannual and seasonal variations of the Martian climate. 
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Introduction: Comparisons with plume-associated 

magmas on Earth suggest major similarities between the 
Chassigny mineral assemblages and those that frac-
tionate along the hy(hypersthene)-normative sodic 
alkalic trend exemplified by lavas from certain ocean 
island, continental hotspot and continental rift regimes.   

Plume-associated magmas on Earth are character-
ized by extreme diversity of associated rocks, with 
rocks ranging from alkali basalt, olivine tholeiite, and 
biotite gabbro to anorthosite, syenite, comendite, 
pantellerite, phonolite and potassic granite, and span-
ning the spectrum from silica-undersaturated to silica-
oversaturated units, including peralkaline types.  How-
ever, viewed globally, plume-associated magmatic 
suites, as defined by spatially and temporally associ-
ated rock units, fall into distinct patterns.  These pat-
terns emerge as four major trends (Fig. 1a).   

Trend 1 shows the variation in bulk lava composi-
tions of the sodic hy-normative mildly alkalic suites as a 
function of silica content.  Rocks along this trend ex-
tend through the sequence alkalic basalt-hawaiite- 
mugearite-benmoreite-trachyte-rhyolite with occasional 
peralkaline members.  This trend is exemplified by rock 
suites from Ascension Island [1] and the Azores [2].  
Figure 1a shows that rock units within these suites are 
clearly alkalic according to the classification scheme of 
Irvine and Baragar [3], yet are not silica-undersaturated 
and differ distinctly from the alkalic rocks typical of 
ocean island such as Hawaii (Trend 4).   

Trend 2 shows the variation in lava compositions of 
hy-normative potassic suites with silica content.  These 
suites include fine-grained rocks of the Proterozoic 
anorthosite complexes and make up the sequence bio-
tite gabbro-ferrodiorite (jotunite)-monzodiorite- monzo-
nite-monzosyenite-syenite-and potassic granite [4].  
Volcanic equivalents appear to be given by the basalt-
ferrobasalts-trachyte-potassic rhyolite of the Snake 
River Plain [5,6].  This trend is characterized by rocks 
with low silica and alumina that contain as much as 25 
wt% FeOT and are strongly enriched in Ti and P as well 
as silica-rich rocks (i.e. potassic granites) with high 
Fe/Mg ratios.  Also distinctive is the subalkalic nature 
of the least evolved rocks, but alkalic nature of the in-
termediate rocks.   

Trend 3 reflects the typical subalkalic tholeiitic 
provinces of ocean islands such as Iceland with their 
olivine tholeiite-ferrobasalt-icelandite-sodic rhyolite 
sequences [7].  Trend 4 is more diffuse and less well 
defined, but includes the silica-undersaturated alkali 

basalt - ne-hawaiite - ne-mugearite - phonolite se-
quence as well as the nephelinites of Hawaii, Tristan da 
Cunha, and Gough Island [8].  This trend typifies what 
most petrologists refer to as "alkalic". 

 

 
Figure 1a.  Four primary trends of bulk rocks in plume-
associated magmatic suites.  

 

Figure 1b.  Conditions under which each of the trends 
of Figure 1a have been reproduced experimentally by 
fractionation. 

 
Experiments have been conducted on each of these 

trends in order to assess how mu ch of the composi-
tional diversity seen in each trend could be ascribed to 
fractionation [9-14].  These experiments simulated crys-
tal fractionation by incrementally using residual liquids 
as the new bulk compositions.  They have provided a 
map of the conditions of pressure and water contents 
that produce the assemblages that lead to these liquid 
trends (Fig. 1b).  The results of these experiments pro-
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vide a foundation upon which to evaluate the assem-
blages of the Chassigny meteorite.   

Relation to the Chassigny cumulate and inclusion 
assemblages:  The Chassigny dunite consisting of 
unzoned Fo68 with possible cumulate augite, 
En50Wo34Fs16 (mol%), pigeonite, En63Wo12Fs25, and 
unexsolved orthopyroxene En68Wo4Fs28 [15].  Accord-
ing to QUIlF [16] calculations, this assemblage could be 
in equilibrium at ~1050oC (at pressures within the range 
1-9 kbar), although the pigeonite appears metastable at 
this temperature.  Evidence for a lower temperature as-
semblage appears preserved in the intercumulus as-
semblage that consis ts primarily of pyroxene, plagio-
clase, ilmenite, and other oxides [15].  Melt inclusions in 
the olivine of the Chassigny cumulate assemblage con-
tain the additional assemblage kaersutite, augite, low-
Ca pyroxene, chlorapatite, chromite, and silica-rich 
glass [15, 17].  QUIlF calculations on inclusion pyrox-
ene and the olivine host suggest possible equilibrium 
between hosting olivine and inclusion pyroxenes and 
oxides in the Chassigny (albeit, under oxidized condi-
tions - log fO2 of 2.5 log units above FMQ).   

Non-feldspathic glass in polyphase melt inclusions 
of the Chassigny meteorite [18] is of particular interest.  
Shown in red in Figure 2, this glass is an alkali-rich rhy-
olite and has remarkable similarities to the rhyolites of 
suites of the hy-normative alkalic trend (Trend 1 of Fig. 
1a) exemplified in Figure 2 by rocks from Ascension 
Island, the Azores, Clarion Island, Mexico and the 
Nandewar volcano of N.S.W. Australia.  The condi-
tions under which fractionation could lead to the pri-
mary chemical diversity of rocks within this trend has 
been the focus of recent fractionation experiments by 
our group and data are now available for direct com-
parison with the cumulate and melt-inclusion assem-
blage.   

Figure 3 shows experimental glass compositions 
(gray symbols ) from fractionation experiments con-
ducted on natural lavas (black symbols) from the 
Nandewar volcano at 9.3 kbar and 2 wt% initial bulk 
water content, starting with a mildly alkalic hawaiite.  
Experimental mineral assemblages along the experimen-
tal fractionation path are shown in Table 1.  All of the 
phases observed in the cumulate and inclusion assem-
blages of the Chassigny meteorite were obtained ex-
perimentally (olivine, orthopyroxene, clinopyroxene, 
kaersutite, apatite and late-stage plagioclase and ilmen-
ite).  Ti-biotite was obtained when the water contents 
of the least evolved hawaiite along the path was 
slightly less than 2 wt%.  Upon comparison of experi-
mental mineral compositions with those of the Chas-
signy cumulate assemblage, it is clear that within the 
temperature range 1080-1040oC, which bridges the tem-
perature obtained independently through QUIlF calcu-

lations (1050 oC), experimental mineral compositions 
bracket those of Chassigny (Table 1).  

 

Table 1.  Experimental mineral assemblages and compo-
sitions compared to those of the the cumulate assemblage of 
Chassigny at the QUIlF temperature of 1050oC.  Arrows 
connect like phases for ease of comparison. 

 
Shown in green in Figure 3 is the trachyandesite 

liquid composition at 1040oC that is in equilibrium with 

T oC Experimental 
Assemblage at 
9.3kbar; 2 wt% H2O 

Chassigny 
Cumulate 
Assemblage 

1200 Olivine 
(Fo82) 

 

 
1080 

Olivine  
(Fo72)  
Clinopyroxene 
(En54Wo32Fs14) 

 

 
 
1050? 

   Olivine 
  (Fo68)  
Clinopyroxene 
(En50Wo34Fs16)  
Orthopyroxene 
(En68Wo4Fs28) 

 
 
1040 

Clinopyroxene 
(En48Wo28Fs24)  
Orthopyroxene 
(En62Wo5Fs33)  
Kaers + Ap 

 

 
1020 

Orthopyroxene 
(En61Wo4Fs35)  
Kaers + Ap 

 

 
950 

Kaers + Ap + Il  
Plagioclase 
(An24Ab65Or7) 
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the experimental mineral compositions listed in Table 1.  
This liquid could  readily fractionate to the rhyolitic 
glass of Chassigny (shown in red) at 9.3 kbar, produc-
ing in the process, volumetrically abundant kaersutite. 

 
Pyroxene compositions of the Chassigny meteorite 

also give information about potential pressures of frac-
tionation.  Figure 4 shows the Al:Ti cation ratios of 
experimental clinopyroxenes as a function of pressure, 
natural clinopyroxenes from the Nandewar rocks, and 
Chassigny inclusion pyroxenes (in red) [18].  The 
Chassigny clinopyroxenes are fully consistent with 
fractionation at ~9 kbar.   

If the Chassigny assemblage can indeed be repro-
duced by crystallization along Trend 1, as suggested 
by our evaluation above, then a variety of implications 
arise.   

 
• The magma trapped in the olivine (represented 

now by polyphase melt inclusions) and in equilib-
rium with the co-existing "cumulate" clino- and or-
thopyroxene could be similar to basaltic trachyan-
desite of the mildly alkalic hy-normative magmatic 
suites on Earth.   

 
• Parental to the basaltic trachyandesite melt that 

can produce the Chassigny cumulate assemblage 
is mildly alkalic hy-normative hawaiite.  [Impor-

tantly, this is not an alkali basalt since it is not ne-
normative and hence, not silica-undersaturated.]  

  
• Further fractionation of the trachyandesite 

would give rise to volumetrically abundant 
trachyte and finally rhyolite of the variety 
found as glass within the polyphase melt in-
clusions of the Chassigny meteorite. 

 
• Magmatic water contents needed to produce 

the Chassigny assemblages lies between 0.4 
and 2 wt%. 

 
• Although the silica content of basaltic trachy-

andesite (i.e., the suggested Chassigny as-
semblage host magma) is consistent with the 
mafic material of Surface Type 1 of the martian 
southern highlands suggested by deconvo-
luted TES spectra [19], the alkali content of a 
basaltic trachyandesite is significantly higher.   

 
• Fractionation of basaltic trachyandesite would 

produce volumetrically abundant trachyande-
site with silica contents of the Surface Type 2 
of the northern lowlands, but again lower al-
kali contents.   

 • On Earth, such parental magmas have low 
Mg#s due to earlier fractionation histories.  For 
this reason, the low Mg#s of the Chassigny 
assemblages cannot be used to support the 
concept of a martian mantle that is more Fe-
rich than that on Earth.   
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• The fractionation (or ponding) pressure indi-

cates the presence of a physical barrier to 
magma ascent within the upper layers of Mars.  
If, as on Earth, this barrier marks the 
crust/mantle interface, then this may provide 
independent estimates of the thickness of the 
martian crust in the regions of Elysium and 
Tharsis.  Assuming a depth to pressure ratio 
of ~7.7km/kbar on Mars (based on a density of 
3.5g/cm3 for the martian upper mantle and 
crust and a gravitational constant of 3.7 m/s2 
[20]), this ,depth and therefore crustal thick-
ness, is ~70 km.   
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Introduction: Mars’ atmosphere is carbon dioxide 

dominated with non-negligible amounts of water vapor 
and suspended dust particles.  The atmospheric dust 
plays an important role in the heating and cooling of 
the planet through absorption and emission of radia-
tion. Small dust particles can potentially be carried to 
great altitudes and affect the temperatures there.  Water 
vapor condensing onto the dust grains can affect the 
radiative properties of both, as well as their vertical 
extent.  The condensation of water onto a dust grain 
will change the grain’s fall speed and diminish the pos-
sibility of dust obtaining high altitudes.  In this capac-
ity, water becomes a controlling agent with regard to 
the vertical distribution of dust.  Similarly, the atmos-
phere’s water vapor holding capacity is affected by the 
amount of dust in the atmosphere.  Dust is an excellent 
green house catalyst; it raises the temperature of the 
atmosphere, and thus, its water vapor holding capacity.  
There is, therefore, a potentially significant interplay 
between the Martian dust and water cycles.   

Previous research done using global, 3-D computer 
modeling to better understand the Martian atmosphere 
treat the dust and the water cycles as two separate and 
independent processes [1]. The existing Ames numeri-
cal model will be employed to simulate the relationship 
between the Martian dust and water cycles by actually 
coupling the two cycles.  Water will condense onto the 
dust, allowing the particle's radiative characteristics, 
fall speeds, and as a result, their vertical distribution to 
change.  Data obtained from the Viking, Mars Path-
finder, and especially the Mars Global Surveyor mis-
sions will be used to determine the accuracy of the 
model results. 

General Circulation Model:  The water and dust 
cycles in the model will be coupled by depositing su-
persaturated water vapor onto the dust grains to form 
ice clouds.  By using the dust as seeds for cloud forma-
tion, the radiative properties, fall speeds and vertical 
distributions of both will be altered [2,3,4].  Water ice 
encapsulating the dust grains makes the dust much less 
effective at the 15µm absorption band, but increases 
their potential as infrared scatterers [4].  Mie scattering 
(the scattering of light by a particle whose size is com-
parable to the wavelength of light) becomes important 
with the formation of cloud particles a few microns in 
size.  The effectiveness of Mie scattering is large when 

the size parameter is 2πr/λ ≥ 1, where r is the radius of 
the particle and λ is the wavelength of light.   

The addition of water mass to these dust grains in-
fluences the gravitational sedimentation speed.  Ini-
tially, the increase in mass decreases the sedimentation 
speed, and then the fall speed rapidly increases once 
the particle has doubled in radius, removing dust more 
quickly from the atmosphere [5].  The vertical extent of 
the dust will be at the mercy of the cloud deck.  Little, 
if any, dust will be able to be transported past the satu-
ration layer.  Here, the dust will be used for seeds in 
cloud formation, effectively capping its altitude.  The 
"snowing out" of these particles will move water out of 
the saturated layer to lower vertical levels as well. 

Fall speed of 1 µm radius dust particle as a function o
the change in density and radius due to the accumulation

of water ice

0.10

1.00

10.00

1 10 100

particle radius (microns)

f
a
l
l 
(
c
m
/
s
)

Series1

Series2

Minimum at:

x = 1.358 µm

y = 0.138 cm/s

1 µm dust grain with 0
dust mass of water ic

Fall speed > Initial fall

1 µm dust grain with 2.3 d

masses of water ice

Particle has radius = 1.89

 
Figure 1.  Fall speed vs. particle radius for a 1µm dust 
grain accumulating water ice.  Initially, fall speed de-
creases since the decrease in density is the dominating 
factor.  This trend is quickly reversed, as size (radius) of 
the particle becomes more dominant.  The formulation of 
this curve is based on that found in [5].   

 
Sublimation of ground ice is based upon the flux 

rate equations of Haberle and Jakosky [6] for buoyant 
diffusion (Eb) and turbulent mixing (Et).  These two 
processes are as follows: 

 
Eb = (0.17)(δη)ρD[(δρ/ρ)(g/ν2)]1/3 

Vfall 
(cm/s) 
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and 
Et = (0.002)ρwqs(1 – r) 

 
where δη is the difference between the surface concen-
tration (by mass) of water vapor and that of the gas 
away from the surface, ρ is the density of the atmos-
phere, D is the diffusion coefficient of water vapor in 
CO2, g is the acceleration due to gravity, ν is the kine-
matic viscosity of CO2, δρ is the difference between 
the density of the atmosphere at the surface and the 
density of water vapor at the surface, w is the wind 
speed at the surface layer, qs is the saturation mixing 
ratio of water vapor at the temperature of the ice, and r 
is the relative humidity [6]. 

The model will contain an adsorbing regolith based 
on the scheme developed by Houben et al. [7].  Water 
will be mobilized in an approximately 10 cm thick 
ground layer.  The total adsorbed water capacity is by: 
 

α = ερs[βP0.51
H2O/exp(δ/T)] 

 
where ρs is the density of the regolith, β is the specific 
soil surface area for basalt, δ = -2679.8 K, T is the 
temperature, PH2O is the water vapor pressure in Pas-
cals, and ε is a dimensionless parameter introduced to 
allow for scaling the adsorptive properties of other 
minerals.  Increasing the value of ε will increase the 
adsorptivity of the soil, meaning the regolith can hold 
more water per unit volume [7].  

 

Figure 2.  Initial map of fast neutrons by the High Energy 
Neutron Detector (HEND) on Mars Odyssey.  Red areas 
are hydrogen-poor soil, while blue areas are hydrogen-
rich.  Note that Solis Planum (270˚E, 30˚S) is the most 
hydrogen-poor region on the planet.  Hydrogen-rich areas 
extend from both poles to approximately 60˚ latitude, 
probably water ice buried beneath hydrogen-poor soil.  
Also, two smaller regions of hydrogen-rich soil occur in 
the equatorial zone, probably subsurface deposits of 
chemically and/or physically bound H20 and OH.  One is 
located at approximately 30˚ E and the other at 200˚ E 
longitude [8,10].  Figure by Mitrofanov et al. 2002. 
 

The Mars Odyssey Orbiter is carrying a suite of in-
struments known as the Gamma Ray Spectrometer 
(GRS).  The Martian water content in the top meter of 
soil can be determined independently by two instru-
ments of the GRS suite [9].  A gamma ray spectrometer 
aboard GRS can directly measure the emission of hy-
drogen gamma rays.  These gamma rays are detectable 
from the upper tens of centimeters in the surface [9].  A 
neutron spectrometer aboard GRS can indirectly sam-
ple hydrogen in the upper meter of the surface [9,10].  
Since 99.985% of all hydrogen is in the form of 1H (no 
neutrons), then hydrogen is detected by its characteris-
tic lack of neutron production by cosmic rays.  Com-
parison of these two independent results will allow a 
determination of the water distribution as a function of 
surface depth (maximum depth of ~1 meter) [9,10].   

The current model will have an active regolith of 
only ~10 cm deep.  GRS will help to constrain this 
model regolith since the GRS can obtain a vertical dis-
tribution for the adsorbed water of ~1 m, which is 
greater than that included into the model (~10 cm).  
Odyssey data will be used to tune the important pa-
rameter of water distribution in the upper one meter of 
the regolith. 

 
Figure 3.  The Gamma Ray Spectrometer can determine 
the vertical distribution of ground water ice down to ~1 
meter in depth.  The above diagram is one possible con-
figuration for water ice in the Martian regolith.  Initial 
measurements suggest that the topmost layer of regolith is 
relatively ice-free.  While a few tens of centimeters down, 
the regolith is 20 to 50 percent water ice by mass [11].  
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Figure taken from the web page of 
http://www.jpl.nasa.gov/images/mars/pia3803_caption.html 
 

Discussion:  TES and MAWD data will be looked 
at extensively to tune the model.  Both TES and 
MAWD data will be used to help identify other possi-
ble sources and sinks of water vapor besides the north 
polar cap.  TES will also be influential in identifying 
sources of dust storm activity by direct observation of 
where they begin, as well as finding possible sinks by 
identifying changes in surface albedo as a result of dust 
storm activity.  GRS will be used to identify heteroge-
neity in the regolith, which previous models described 
homogeneously [1,7]. 

Smith (2001) compares the TES and MAWD data 
sets for the water vapor column abundance and finds 
three key differences [12].  At low northern latitudes 
between Ls = 150˚ and 205˚, TES retrieves water vapor 
abundances 20-40% higher than that of MAWD.  TES 
sees a gradual increase in water vapor abundance be-
tween Ls = 40˚ and 90˚ at mid-northern latitudes, 
where as MAWD sees an abrupt increase between Ls = 
60˚ and 75˚.  Finally, excluding the dusty period of Ls 
= 205˚-330˚ seen by MAWD, TES derives a globally 
averaged amount of water vapor 10-20% higher than 
that seen by MAWD.  These three differences are all 
within the error bars of the two instruments, but may be 
explained by interannual variability [12].  Coupling of 
the dust and water cycles in the model and running a 
multiyear simulation may help to disentangle the rea-
son behind the differences in the TES and MAWD data 
sets.   

The objective of this project is to determine the role 
the water cycle plays in interannual variability of the 
Martian atmosphere when coupled with the dust cycle.  
A possible consequence of the decoupling of the two 
cycles is that previous long duration models show no 
yearly variations.  The patterns of dust lifting and 
sedimentation remain the same throughout multiple-
year runs [13]. 

We are currently implementing the above men-
tioned water physics into the latest version of the Ames 
GCM.  We will run the full 3-D model with just a polar 
source to be used as a base comparison.  Subsequently, 
a multiyear run with an active regolith based on initial 
Mars Odyssey findings will be performed. 
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Introduction: The intensely and non-uniformly 

magnetized crustal sources generate an effective large-
scale magnetic field. In the Southern hemisphere the 
strongest crustal fields lead to the formation of large-
scale mini-magnetospheres. In the Northern hemi-
sphere, the crustal fields are rather weak and there are 
only isolated mini-magnetospheres. Re-connection with 
the interplanetary magnetic field (IMF) occurs in many 
localized regions. This may occur not only in cusp-like 
structures above nearly vertical field anomalies but also 
in halos extending several hundreds of kilometers from 
these sources. Re-connection will permit solar wind 
(SW) and more energetic particles to precipitate into 
and heat the neutral atmosphere. Electron density pro-
files of the ionosphere of Mars derived from radio oc-
cultation data obtained by the Radio Science Mars 
Global Surveyor (MGS) experiment are concentrated 
in the near polar regions. The effective scale-height of 
the neutral atmosphere density in the vicinity of the 
ionization peak has been derived for each of the pro-
files studied. The effective scale-heights have been 
compared with the crustal magnetic fields measured by 
the MGS Magnetometer/Electron Reflectometer 
(MAG/ER) experiment. A significant difference be-
tween the large-scale mini-magnetospheres and regions 
outside of them has been found. The neutral atmos-
phere is cooler inside the large-scale mini-
magnetospheres. It appears that outside of the cusps the 
strong crustal magnetic fields prevent additional heat-
ing of the neutral atmosphere by direct interaction of 
the SW. The scale-height of the neutral atmosphere 
density derived from the experiment with the MGS 
Accelerometer has been compared with MAG/ER data. 
The scale-height was found to be usually larger than 
mean value near the boundaries of potential mini-
magnetospheres and around “cusps”. It may indicate 
that the paleo-magnetic/IMF field re-connection is 
characteristic of the mini-magnetospheres at Mars.  

 

Sixth International Conference on Mars (2003) 3119.pdf



POLAR DUNES RESOLVED BY THE MARS ORBITER LASER ALTIMETER GRIDDED TOPOGRAPHY AND PULSE
WIDTHS. Gregory A. Neumann

��� �
,
�
Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of

Technology, Building 54, 77 Massachusetts Avenue, Cambridge, MA 02139-4307, (neumann@tharsis.gsfc.nasa.gov),
�
Laboratory

for Terrestrial Physics, Code 920, NASA/Goddard Space Flight Center, Greenbelt, MD 20771.

The Mars Orbiter Laser Altimeter (MOLA) polar data have
been refined to the extent that many features poorly imaged by
Viking Orbiters are now resolved in densely gridded altimetry.
Individual linear polar dunes with spacings of 0.5 km or more
can be seen as well as sparsely distributed and partially mantled
dunes. The refined altimetry will enable measurments of the
extent and possibly volume of the north polar ergs.

MOLA pulse widths have been recalibrated using inflight
data [2], and a robust algorithm applied to solve for the surface
optical impulse response. Figure 1 shows the surface root-
mean-square (RMS) roughness at the 75-m-diameter MOLA
footprint scale, together with a geological map [4]. While the
roughness is of vital interest for landing site safety studies, a
variety of geomorphological studies may also be performed.
Pulse widths corrected for regional slope clearly delineate the
extent of the polar dunes.

The MOLA PEDR profile data have now been re-released
in their entirety (Version L). The final Mission Experiment
Gridded Data Records (MEGDR’s) are now provided at up to
128 pixels per degree globally. Densities as high as 512 pixels
per degree are available in a polar stereographic projection. A
large computational effort has been expended in improving the
accuracy of the MOLA altimetry themselves, both in improved
orbital modeling and in after-the-fact adjustment of tracks to

improve their registration at crossovers [1]. The current release
adopts the IAU2000 rotation model and cartographic frame
[3] recommended by the Mars Cartography Working Group.
Adoption of the current standard will allow registration of
images and profiles globally with an uncertainty of < 100 m.

The MOLA detector is still operational and is currently
collecting radiometric data at 1064 nm. Seasonal images of the
reflectivity of the polar caps can be generated with a resolution
of about 300 m per pixel.
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Introduction: The prime MER landing site in Me-
ridiani Planum is located on layered materials, includ-
ing hematite, whose origin as lacustrine or aeolian 
sediments, or volcanic materials is uncertain.  Our de-
tailed mapping of the region provides important con-
straints on the history of the region.  Our mapping of 
the location of fluvial and lacustrine land forms in the 
region relative to the layered deposits provides new 
evidence of a long history of erosion and deposition as 
has long been noted [1].  In addition, our detailed 
mapping of the southern boundary of the hematite de-
posit strongly supports an association between long-
lived fluvial channels and lacustrine basins and the 
strongest hematite signatures.  This evidence supports 
an origin of the hematite deposits by interaction with 
water under ambient conditions in contrast to sugges-
tions of hydrothermal processes due to volcanic or 
impact crater processes.  An important part of the story 
is the evidence for the localization of the layered de-
posits due to topographic control induce by the pres-
ence of a large early basin we have identified that ex-
tends to the north-east of the landing site. 

Distribution of current channel networks, drain-
ages, and basins 
Channel systems leading to the southern boundary 

of the hematite-rich surface deposit can be observed 
originating from a large highlands region that extends 
south-eastwards from the hematite regions for hun-
dreds of kilometers (Fig. 1, inset).  These channels 
appear to terminate near the boundary with the hema-
tite deposit.  Based on the Viking data, Edgett and 
Parker [1] identified this boundary as the edge of an 
ocean or large body of water.  However, careful ex-
amination of the high resolution MOC images and the 
MOLA topography clearly shows that these highly 
visible channels flowed into a system of paleo-lakes 
and channels that currently appear to drain westward 
into the unnamed 150 km diameter crater, and further 
east towards Iani Chaos.  A possible extension of the 
drainage area to the south of Schiaparelli basin in-
cludes Evros Vallis.  Because the topography is so flat 
in the area between the two drainages, the topographic 
gradient cannot be easily determined, and may have 
varied in direction at different times in the past.  The 
total area of the drainage region is impressive, 580,000 
km2, about the size of the state of Texas.  The area for 
the northwestern portion of the drainage area closest to 
the hematite area is 200,000 km2, about the size of 

Kansas.  The area for the Evros Vallis portion is 
380,000 km2.  There is also a large system of highland 
valleys (not mapped in this study) that fed into the 
lowland region east of the hematite area.  If flooded, 
this lowland would currently drain to the north. 

 

 
Fig. 1 Study area in Meridani Planum.  MOLA topogra-

phy map (Latitude 7 N to 5.6 S, Longitude 351.1 E to 5.5 E) 
showing the regional setting of the hematite-rich surface 
deposit labeled with areas and basin barriers [1].  The inset 
shows the drainage areas feeding the southern basins. 

 
Fluvial and lacustrine environments along the 

southern boundary of the hematite deposit are cur-
rently constrained by topographic barriers that serve to 
define three linked basins, including the southern part 
of the 150 km crater (Fig. 3, a-d, Fig. 4, a).  These ba-
sins are progressively lower from east to west, and 
evidence exists for fluid flow through channels that 
have partially breached the barriers. 

The western basin is located within the 150 km di-
ameter crater, where a channel leads south around the 
lobe of hematite-rich material that covers the northern 
portion of the crater.  High-resolution images of the 
floor of the channel (Figs. 3 a-c) show characteristic 
evidence of fluvial erosion of ancient cratered terrain, 
very similar to images from the Gusev crater (e.g. Fig. 
5).  Evidence of recent fluid flow in this system of 
basins may include the erosion of ejecta blanket mate-
rial from a 21 km diameter crater superimposed on the 

Sixth International Conference on Mars (2003) 3233.pdf



FLUVIAL AND LACUSTRINE FEATURES IN MERIDIANI PLANUM H. E. Newsom, et al. 

 

hematite deposit (Fig. 4a).  The western basin is con-
strained by a barrier (C, Lat. 2.09 S, Long. 352.22 E), 
at an elevation of -1760 m where a channel leads to a 
smaller crater (19 km diameter) superimposed on the 
rim of the 150 km diameter crater.  The area of the 
western basin is approximately 9,000 km2, with an 
average depth of 40 m and a volume of 1100 km3. 

Fig. 2.  Detail of the southern paleo-lake basins and 
channels in the study area.  The locations of high-resolution 
images Figs. 3 and 4 are shown.  Also shown is the approxi-
mate location of the prime “Hematite Site” landing ellipse 
for the 2003 MER mission. 

 
The central basin of the three is constrained by a 

barrier (B, Fig. 1) at an elevation of -1620 m, origi-
nally formed by the rim of the l50 km diameter crater 
to the west.  The current area of the central basin is 
somewhat less than 2000 km2, with an average depth 
of 40 m and a volume of approximately 80 km3.  At 
the point where several channels flow into this central 
basin from the south, evidence exists for possible 
shorelines and erosion, although exposure of layered 
deposits cannot be ruled out (Fig. 4b). The elevation of 
the putative shorelines is consistent with the elevation 
of the barrier (“B” Fig. 1) that constrains the height of 
this basin. 

In the eastern basin, water flowing in from the 
south is constrained by a barrier (labeled A Fig. 1, Lat. 
2.78 S, Long. 354.68 E) at -1450 m elevation that is 
partly formed by a relatively young crater (6 km di-
ameter) and there is evidence from the formation of a 
channel eroded in the ejecta blanket for flow around 
the north of this crater (Fig. 4c).  Evidence for possible 
shorelines or eroded layered deposits is seen in Figs. 
4d, and 4e.  The elevation of the area in 4e (-1495 m) 
is consistent with the elevation of the barrier “A” (Fig. 
1) that constrains the elevation of this possible lake.  
Fig. 4f shows eroded deposits where a major channel 
enters the basin.  The current area of the eastern basin 

is about 20,000 km2 with an average depth of about 
100 m and a volume of approximately 2,000 km3.  The 
current base level for this eastern lake may have been 
lower earlier in martian history.  For example, chan-
nels entering this basin (Fig. 2) are present down to the 
-1615 m elevation, a level, more appropriate for the 
basin defined by the barrier down stream (B, Fig. 1, 
Lat. 2.80 S, Long. 354.12 E, -1623 m). 

 
Fig. 3. a, b, c. MOC images of the channel floor on the 

bottom of the 150 km diameter crater.  The ancient cratered 
surface exhibits evidence for fluvial erosion consistent with 
flow around the circumference of the floor of the crater.  All 
scale bars are one kilometer in length (a, M1300898, b, 
M0300371; c M1301419).  d. Part of the channel leading 
down into the 150 km diameter crater is shown with an ar-
row denoting the breadth of the channel (M0301632). 

 
A broad lowland area is present along the eastern 

boundary of the hematite deposit. This lowland is ap-
proximately 80 km wide and extends for 450 kilome-
ters to the north where it then heads back to the west.  
There are at least two areas where water in this low-
land may have escaped to the west (D, Fig.1, Lat. 6.60 
N, Long. 1.60E, elevation -1220 m and E, Fig. 1, Lat. 
4.94 N, Long.1.97 E, elevation -1235 m).  This eastern 
lowland has a heavily cratered topography with an 
extremely gentle gradient (≈ 30 m over 450 km, slope 
<0.01%).  This lowland area appears to be fed by 
channels from the vicinity of Schiaparelli basin and the 
older basin just to the south of Schiaparelli (not 
mapped).  There is another basin area separating the 
eastern lowland area from the chain of basins along the 
southern boundary of the hematite.  The western bar-
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rier of this basin (F, Fig. 1, Lat. 2.66 S, Long. 359.22 
E) is at an elevation of -1220 m, and the eastern barrier 
(G, Fig. 1, Lat. 0.94 S, Long. 0.47 E) is at an elevation 
of approximately -1260 m, and includes an impact 
crater (9 km diameter) that may have recently created a 
higher dam between the two drainages.  

 

 
Fig. 4. Channel and basin features. All scale bars are 

one kilometer.  a. An image of the channel leading into the 
150 km diameter crater, just upslope of Fig. 3d, with the 
corresponding MOLA profile.  The deeper channel has no 
apparent impact craters on the surface (M0201539, 2.94 km 
width).  b. Possible shorelines in the central basin (mosaic of 
AB107704, M0901839).  c. A channel eroded into ejecta 
deposits north of a relatively young crater that makes up part 
of barrier A (M1001349).  The breadth of the channel is 
denoted with an arrow.  d. Possible shorelines at approxi-
mately –1600 m on the south shore of the eastern basin 

(M0204225).  e. Possible shorelines in the eastern basin 
where an outlier of hematite fills the floor of a small basin 
(M1003047).  f. Channels eroded on the floor of the eastern 
basin where a major channel enters the basin (M0700487). 

 

Fig. 5.  Contact of layered material representing a hema-
tite outlier with the floor of the northern basin in the center 
of the 800 km diameter impact structure (THEMIS visible 
image V03208003).  Previously eroded channels (arrows) on 
the floor of the basin are being revealed by the erosion of the 
layered material.  Image width is 30 km. 

 
The northern boundary of the hematite deposit is 

characterized by a poorly integrated system of basins 
and channels that drains westward. This system of 
channels and depressions is not fed by a distinctive set 
of channels from higher elevations, but does represent 
a lower area surrounded by both the hematite deposit 
on the south, and cratered terrain to the north.  The 
water in this system could have come from groundwa-
ter supplied from the paleo-lakes along the southern 
boundary and the eastern boundary of the hematite 
area since the elevations in the northern basin area just 
north of the hematite (Figs. 1, 5) are as low as -1700m 
and are generally lower than –1500 m.  

History of the channel and lake systems  
The geologic history of this region is complex and 

occurred over a time period extending to before 3.8 
billion years.  The hematite area occupies the southern 
half of an ancient basin or circular structure approxi-
mately 800 km in diameter (Fig. 6) [3].  This evidence 
includes a central basin, a 200 m high raised ring at a 
radius of 200 km (400 km diam.), and an annular 
trough at a maximum radius of about 400 km (800 km 
diam.).  The western edge of the annular trough is 
missing, probably due to later erosion.  The structure is 
very similar in size to the Cassini structure, which has 
a 400 km diameter rim and an 800 km diameter annu-
lar trough.  The overall relief of the structure is cur-
rently very small (<500m), but there is strong evidence 
for extensive erosion, especially on the western side.  
The presence of a magnetic anomaly in the center of 
this structure suggests a very ancient age [4].  The 
presence of this structure probably controlled the 
deposition of the layered materials and the location of 
the fluvial channels and lacustrine basins in this area. 

The formation of layered deposits of unknown 
composition throughout the Sinus Meridiani also oc-
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curred early in Mars history [2].  The origin of these 
deposits is not clear, but may include basin ejecta, air-
fall dust, volcanic, and sedimentary deposits.  Edgett 
[5] has mapped the occurrence of dark mesa-forming 
units in 116 MOC images of craters throughout west-
ern Arabia Terra.  All six occurrences of the dark 
mesa-forming units are located within the 800 km di-
ameter feature, supporting the importance of this struc-
ture to the history of the area. These dark units are 
emplaced on previously eroded lighter material [6] 

 
Fig. 6 Color coded MOLA topography showing concentric 
circular features in Meridiani Planum consistent with the 
presence of an 800 km diam. multi-ringed impact structure.  
The location of the MER landing site inside a 150 km diam. 
crater is also shown. 

 
The formation of the current system of basins and 

fluvial channels in the region developed over a long 
period, with substantial resurfacing events extending 
into the Hesperian and chaos formation extending into 
the Amazonian and possibly into the very recent his-
tory [7].  The channel networks were periodically dis-
rupted by cratering events that created or destroyed 
barriers.  For example, at the present time the channels 
that extend into the eastern and central basins are in-
cised to elevations well below the current elevation of 
the barriers (Fig. 2).  This implies that earlier in mar-
tian history the barriers were at a lower base level be-
fore the late cratering events created new dams at 
higher elevations (e.g. barriers A, and G). 

The origin of the smooth layered material as a 
lacustrine sedimentary deposit is difficult to explain as 
some of the areas containing the hematite signature are 
at an elevation (-1200 m) that is 150 m above the ele-
vation of the present barrier constraining the large 

eastern basin on the southern side of the hematite re-
gion.  However, sedimentary deposition had to occur 
down stream from the very extensive areas eroded 
during channel formation in the drainage areas.  The 
most likely candidate for a sedimentary deposit over-
lain by a hematite-rich surface is the lobe of material 
that fills the northern part of the 150 km diameter cra-
ter, and the area just to the north of the crater rim, 
which is at least partially dammed by several large 
craters (21 km, 19 km, and 31 km in diameter) now 
largely buried but still visible on the western edge of 
the area covered by the hematite deposits.  Based on a 
thickness ranging from 200 m up to 500 m in the 
northern portion of the 150 km diameter crater, the 
volume of the partly layered material filling the crater 
is approximately 4,000 km3.  The estimated volume of 
deposits within the crater could be supplied by uniform 
erosion of a layer less than 4 m deep over the drainage 
area that possibly supplied water to the system. 

Conclusions 
The evidence for abundant fluvial and lacustrine 

activity and the discovery of the 800 km diameter 
structure provides a link between the Meridiani and 
Aram basin (500 km diameter) occurrences of hematite 
[8].  Both deposits share the combination of location 
on an elevated region within a large impact feature 
combined with a long history of fluvial and lacustrine 
activity suggesting that the hematite formed by a proc-
ess involving the presence of water during wetter peri-
ods of martian history [9].  The MER rover may be 
able to provide evidence for the involvement of water 
with the formation of the hematite in terms of both 
rock studies and evidence for fluvial activity.  The 
rover may also be able to determine the sedimentary 
vs. volcanic origin of the deposits. 
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Introduction: 
 
ESA is going to send Beagle 2 to Mars in 2003 for 
exobiology exploration .On board ,there are 3 sam-
pling tools on board as follows: 
 
1/ ROCK CORER - able to retrieve powdered rock 
sample; 370 gm in mass; size of a cigarette pack; 2 
watts energy consumption; able to drill/grip/core/grind; 
multi-operational; split drill-bits design for anti-
jamming. 
     
2/SCOOP - gripper able to open/close by pressure; 
able to retrieve surface soil sample; device designed 
incase the rock corer is not functioning; multi-
operational. 
     
3/ MOLE - able to retrieve subsurface soil at required 
depth;multi-operational. 
 
All the sampling tools are able to deliver samples into 
GCMS for in-situ analysis. 
 
For more information,  
please visit http://www.hkmars.net 
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Introduction:  Direct evidence for the existence of 

water on Mars consists of morphologic features, ther-
mal spectroscopic signatures of hematite, detection of 
H2O ice in the polar caps, neutron spectroscopy, and 
secondary minerals preserved in martian meteorites.  
The martian meteorites currently provide the best op-
portunity to assess the detailed nature of the aqueous 
environments that once existed on Mars, simply be-
cause of the high level of capability of Earth based 
analytical techniques.   

The martian meteorite ALH84001 has a 4.5 Ga 
crystallization age and it contains a unique assemblage 
of secondary carbonates that formed on Mars 3.9 Ga 
[1].  The meteorite is remarkably well preserved but 
has been extensively shocked.  This provides an 
opportunity to learn specific environmental constraints 
of the nature of one or more aqueous systems on early 
Mars.   

The meteorite shows very little evidence for aque-
ous weathering.  Olivine, maskelynite, and orthopy-
roxene are all unaltered despite their vulnerability to 
aqueous alteration [2].  Secondary silica and pyrite 
have been reported [3], although there are virtually no 
clay minerals present.  Given the highly fractured and 
shocked nature of this rock, the lack of aqueous altera-
tion is a significant constraint on its aqueous history. 

Figure 1. The gray area shows the range of chemical 
compositions of ALH84001 carbonates.  Carbonates out-
side of this range are very rare. 

The chemical compositions of the carbonates pre-
served in the meteorite occupy a very well defined 
trend on a ternary plot (Fig. 1).  Petrographic relation-
ships suggest that the first carbonates to form were Ca-
rich and that later forming carbonates became increas-
ingly Mg-rich.  The last phase to form was nearly pure 
magnesite.  This sequence of carbonates commonly 
occurs as “rosettes” which have Ca-rich cores grading 
to Mg-rich rims.   

The oxygen isotopic compositions of the carbon-
ates have been well documented in a number of studies 
[4-7].  The ion microprobe data has proven to be ex-
tremely useful by being able to tie microscale isotopic 
measurements to precise chemical compositions, and 
petrographic location.  All of the published ion micro-
probe data show identical relationship with chemical 
and isotopic composition.  The isotopic data lie within 
a broad trend of increasing δ18O values with increasing 
Mg content.   The δ18O values range from ~0‰ to 
~26‰ (SMOW) over distances of only 100’s of mi-
crons.   

Knowledge regarding the nature of the aqueous 
system(s) that formed these carbonates will be very 
useful in answering long held questions regarding the 
history of water on Mars.  Unfortunately, despite nu-
merous studies, the nature of the aqueous system(s) 
that formed the ALH84001 carbonates is still heavily 
disputed.  Some studies have favored an aqueous sys-
tem at low temperatures (<100°C) [4, 8], others fa-
vored a high temperature (>150°) low fluid/rock sys-
tem [9, 10], while still others have argued for an aque-
ous environment heavily influenced by biological ac-
tivity [11]. 

The high temperature (>150°C) models typically 
call for small amounts of very CO2 rich fluids which 
are injected into the rock on very short timescales [9].  
The nature of the CO2 fluids range from melted car-
bonate to water super-saturated with CO2.  The major 
problem with the high temperature models is the lack 
of alteration in the olivine, pyroxene, and maskelynite.  
However, these models argue that the CO2 rich nature 
of the fluid combined with the short duration would 
preclude any weathering [9]. 

Low temperature (<100°C) models call for the car-
bonates to be precipitated in an aqueous event with a 
higher fluid/rock ratio and a somewhat longer dura-
tion.  Two studies have argued for an evaporative 
aqueous event that explains the changes in both the 
chemical and the isotopic compositions [12, 13].  
These models are all based on the lack of equilibrium 
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relationships in chemical or isotopic compositions and 
the lack of evidence for chemical weathering [4].  

The biological models have argued that the carbon-
ates formed in a low temperature (<100°C) environ-
ment and the precipitation of the carbonates was heav-
ily influenced by biological factors [11].  

It is clear that further constraints are needed in or-
der to determine the nature of the aqueous system that 
formed the ALH84001 carbonates.  All of the existing 
evidence can be used to support either a high tempera-
ture or low temperature system.   

This study sets out to begin to provide additional 
constraints from new ion microprobe carbon isotopic 
measurements of the carbonates.  The carbon isotopic 
composition of the carbonates will provide a second 
independent data set that can be used as a powerful 
constraint in evaluating existing models for the forma-
tion of the ALH84001 carbonates and formulating new 
ones.   

Analytical Methods:  Samples were prepared in a 
manner that minimized contamination of the carbon-
ates with other carbon bearing materials such as epoxy, 
hardeners, or polishing materials.  Two small chips of 
ALH84001 were encased in epoxy, and then polished 
to expose a carbonate bearing surface.  Epoxy penetra-
tion was observed to be limited to the large fractures 
near the edges of the chip.  Polishing was accom-
plished using silica carbide coarse grit sandpaper ini-
tially, followed by alumina paste.  The samples were 
ultrasonically cleaned in distilled water in between 
each grit step.  

Carbonate grains were characterized using a JEOL 
8600 electron microprobe with a WDS detector system 
at Arizona State University.  Ion microprobe analyses 
were performed on the IMS 6f at Arizona State Uni-
versity.  Measurements were collected using two dif-
ferent analytical techniques during four separate ses-
sions.  The two analytical techniques are extreme en-
ergy filtering (EEF) and high mass resolution (HMR).   

During sessions where extreme energy filtering 
was used a 3.9 nA Cs+ beam was focused to a spot size 
of ~30 mm diameter using critical illumination.  Sec-
ondary ions were collected at –9 kV with an offset of 
325 V as in Hervig [14].  Typical count rates on ALH 
carbonates were ~4*104 cps for 12C.   

In sessions using the high mass resolution (HMR) 
technique,  a 0.4 nA Cs+ beam was focused to a spot 
size of ~10 mm using critical illumination.   Secondary 
ions were collected at –9 kV with no energy offset.  
Typical count rates on ALH carbonates were ~4*105 
cps for 12C.   

For all analytical sessions instrumental mass frac-
tionation (IMF) was calculated using analyses of car-
bonate standards mounted in the same slide as the me-

teorite.  The standards used consist of calcite, dolo-
mite, magnesite and siderite.  For all of the analytical  
sessions, IMF was calculated using a linear interpola-
tion between the values measured for dolomite, side-
rite and magnesite.  The lack of correlation of IMF 
with any known parameter such as chemical content, 
analysis conditions, or secondary yield force us to use 
an approximation using linear relationships (Leshin et 
al., 1998).  The agreement of the two data sets using 
entirely different analysis conditions and IMF correc-
tions suggests that the uncertainty for the IMF correc-
tion is accurate to within the calculated uncertainty.   

Figure 2. SEM backscatter image of the location of some 
of the analyses in this study.  The numbers show the δ13C 
values (PDB) measured for each spot. 

Results:  The δ13C of the ALH84001 carbonates 
range from 27‰ to 64‰ relative to PDB (Fig. 3).  
These results firmly establish δ13C variability in 
ALH84001 carbonates and considerably expand the 
range of values obtained by conventional techniques.  
The data show a general correlation between δ13C and 
mole fraction of magnesium, with the most magnesian  
carbonates having the highest δ13C values.  This result 
is also consistent with previous bulk analyses [8, 15].  
The amount of scatter in the data is comparable to the 
scatter in the ion microprobe oxygen isotope data for 
ALH84001 carbonates, and consistent with estimates 
of uncertainties.   

The range of compositions of carbonates analyzed 
range from magnesite to Ca-poor ankerite.  The data 
do not include analyses of more calcium rich carbon-
ates due to their rarity in the available polished thick 
sections.  No complete rosettes were available for 
analysis, so almost all the carbonates analyzed were 
patchy in nature (Fig. 2). 

Discussion:  The ~30‰ range of carbon isotopic 
values measured in the ALH84001 carbonates has no 
terrestrial analog.  Variations of similar magnitude 
have been found in the same localities but never in the 
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same rock on the scale of 
millimeters.  Combined 
with the variations of the 
chemical and oxygen iso-
topic compositions, the 
carbon isotopic data are 
difficult to reconcile with 
current formation models.   

High temperature 
(>150°C) models require a 
closed system, low 
fluid/rock model to explain 
the oxygen isotopic data.  
However this model is in-
consistent with  the large 
carbon isotopic variations 
observed.  One cannot cre-
ate a 30‰ variation in car-
bon isotopic composition 
using a Rayleigh distilla-
tion caused by progressive 
carbonate precipitation as 
proposed by Leshin  et al. 
[6].   

Low temperature 
(<150°C) models run into 
similar difficulties.  Most 
low temperature models 
use temperature change to 
explain the oxygen isotopic 
variations.  Some low temperature models use evapo-
ration to explain the oxygen isotopic compositions.  
Both of these cases cannot explain the carbon isotopic 
compositions.  A temperature change from 300°C to 
0°C would be needed in order to explain the carbon 
isotopic variation under equilibrium conditions [16].  
Evaporation would not be able to create the observed 
variation in carbon isotopic composition without very 
high salinities [17].  However, at high salinities evapo-
ration would not be able to produce the oxygen iso-
topic variation [18].   

Figure 3. Carbon isotopic compositions of carbonates in ALH84001 as measured by ion 
microprobe.  The carbon isotopic composition is plotted against mole fraction of magnesium
measured by electron microprobe.  Uncertainties shown include counting statistics within a
each measurement and the point to point reproducibility of the instrument.   

Biological models for the formation of the carbon-
ates are not specific enough to test in this manner.  
Large carbon isotopic variations in carbonates on 
Earth are frequently attributed to mixing between or-
ganic and inorganic reservoirs [19].  This could be 
possible in the ALH84001 carbonates with the earliest 
Ca-rich carbonates incorporating organic carbon and 
the later Mg-rich carbonates incorporating mainly in-
organic carbon.  However, the association of the mag-
netite “bio-minerals” with the magnesite rims which 
have the  heaviest carbon isotopic compositions makes 
this possibility seem less likely.   

We propose three new models that provide poten-
tial geologically reasonable environments that satisfy 
constraints from the chemical, isotopic, and petro-
graphic data collected thus far: Mixing between two 
distinct fluids, CO2 rich spring environment, and a 
CO2 rich spring environment. 

Mixing Model:  The most common way of inter-
preting covariant carbon and oxygen isotopic trends on 
Earth is through a mixing process between marine and 
meteoric waters [19].  However, these trends are typi-
cally measured using samples from different strati-
graphic depths, or entirely different outcrops.  The 
trends observed in the ALH84001 carbonates are pre-
sent on the scale of microns in one sample.  The dif-
ferences in scale make it difficult to compare to terres-
trial examples because there is very little data for large 
isotopic variations on a micro-scale.  Mixing models 
that are typically applied to interpret  terrestrial car-
bonate localities may not be applicable to the micro-
scale.  Nevertheless a mixing model does provide a 
possible way to explain much of the data and observa-
tions made on the meteorite.   

Carbonates are precipitated, in this scenario, during 
the mixing of two chemically and isotopically distinct 
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fluids at a constant temperature.  The variations ob-
served in the carbonates are a result of different pro-
portions of the two end member fluids.  It has been 
interpreted, based on petrographic relationships, that 
the more calcium rich carbonates formed first, fol-
lowed by a steady progression of more magnesium and 
iron rich carbonates [6].  Among the final carbonates 
to form in this interpretation are the magnesite rims.  
Thus, the initial carbonates, in this model, are precipi-
tated by a relatively calcium rich fluid which is iso-
topically light in both oxygen and dissolved CO2.  The 
progression in chemical and isotopic compositions 
begins with the addition of small amounts of the sec-
ond fluid which is magnesium rich and isotopically 
heavy in both δ18OH2O and δ13CCO2(aq).  In the final 
stages of precipitation the system is dominated by the 
second fluid which is precipitating isotopically en-
riched magnesite. 

CO2 rich Spring:  Temperature change and CO2 
degassing are two mechanisms that frequently occur in 
terrestrial spring environments where warm (<80°C) 
CO2 rich water is emitted from the ground[20-22].  In 
this model, small amounts of CO2 rich warm water are 
directly injected into the proto-meteorite ALH84001.  
This fluid undergoes cooling and extensive CO2 de-
gassing:  the combined effects of which can explain 
the oxygen isotopic, carbon isotopic, and chemical 
compositions of the carbonates.     

The carbon and oxygen isotopic compositions of 
the carbonates undergo progressive enrichment due to 
the linked processes of cooling and CO2 degassing.  A 
simple equilibrium temperature change from 80°C to 
0°C can cause δ18O enrichment in carbonates of 
~+20‰ [6, 7].  The temperature change also causes an 
equilibrium enrichment of ~8‰ in δ13C [16].  Addi-
tional enrichment of δ13C occurs during extensive CO2 
degassing which causes a kinetic isotope effect that 
can conceivably cause a ~+25‰ enrichment in δ13C 
through degassing of 80% of the CO2 from solution 
[21].   

High pH Spring:  High pH fluids provide a means 
to create large variations in the  carbon and oxygen 
isotopic compositions of carbonates precipitated in 
spring environments.  This occurs through a kinetic 
process as CO2 rapidly invades the high  pH, CO2 free 
water emerging from the ground.  Carbonates with 
similar carbon and oxygen isotopic variations have 
been discovered in high pH spring environments in 
Oman [23].  The variation in the chemical composi-
tions of the carbonates is also consistent with this type 
of environment [24].    

These springs are excellent analogs for ancient 
Mars.  High pH fluids form as a consequence of ser-

pentinization which occurs at high or low tempera-
tures.  This would likely be common on the early Mar-
tian surface which was probably dominated by ultra 
mafic rocks similar to ALH84001.  If water-rock inter-
actions occurred on early Mars as postulated by many 
studies (e.g. [25]), then one would expect the fluids to 
be high pH in character.     

Conclusions:  (1) The ALH84001 carbonates 
show a minimum of a 35‰ variation in δ13C that is 
correlated with the chemical composition and petro-
graphic relationships of the carbonates.  The early 
forming Ca rich carbonates have the lowest δ13C val-
ues, while the late forming Mg rich carbonates have 
the highest δ13C values.     

(2) The large range in the carbon isotopic composi-
tions of the ALH84001 carbonates is not consistent 
with their formation from limited amounts of CO2 rich 
fluid where isotopic variation is caused by a Rayleigh 
distillation process.  

(3) The isotopic composition of the carbonates is 
not consistent with their formation from an evaporative 
environment, or a simple low temperature environ-
ment. 

(4) The carbonates likely formed in three possible 
environments: mixing of fluids from different isotopic 
reservoirs, CO2 rich spring environment, and a high 
pH spring environment. 
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Introduction: We are conducting a systematic 

analysis of small (~10's of km), localized regions in 
Valles Marineris that display significant albedo differ-
ences relative to their surroundings.  This analysis is 
based on a finding that the locations of the hematite 
deposits identified by [1] in the interior layered depos-
its of Valles Marineris typically coincide with regions 
having a low MGS/TES visible bolometric albedo 
[1,2].  Until recently, it was difficult to identify the 
morphology or geologic context of the regions contain-
ing the hematite deposits.  However, with the recent 
advent of high-resolution (1/128°/pixel) MOLA grided 
topography and Mars Odyssey’s THEMIS-IR instru-
ment, it has been possible to better understand the 
morphologic context of TES observations.  This analy-
sis combines the use of PDS-released data from the 
MGS/TES visible bolometer and infrared spectrometer, 
the Odyssey/THEMIS Infrared imager, and MOLA 
grided topography.  First, the TES infrared bolometer 
is used to identify regions of interesting albedo vari-
ability, and is overlaid on Viking controlled photomo-
saics for context.  THEMIS-IR data, in conjunction 
with MOLA topography, is then used to:  1) identify 
the context and morphology of the area; and 2) identify 
spectrally unique regions at the km scale.  In prepara-
tion for the latter, all the THEMIS planes are coregis-
tered using an autocorrelation routine, the data are 
converted to brightness temperature and then each 
plane is normalized to the brightness temperature of the 
third plane (1261 cm-1).  We then perform a 3-band 
search for color variations and a Principle Components 
Analysis (PCA) of the 8 unique bands in the THEMIS-
IR dataset.  Any variability is then investigated using 
both THEMIS-IR and TES spectra of the same regions.  
In both cases, the spectra are ratioed to near-
simultaneously acquired spectra of adjacent or "aver-
age" regions that do not show this albedo variation, 
therefore allowing us to identify spectral variability 
unique to the area of interest.  This procedure also al-
lows us to account for calibration problems in 
THEMIS-IR data, and for any atmospheric effects in 
both the THEMIS-IR and the TES data. 

Observations:  One example presented here is a 
low albedo region in central Ophir Chasma (3.6°S, 
73.0°W ) that has not been identified as a hematite 
rich-deposit.  This region is located at the base of the 
interior deposits and north of the largest hematite de-
posit found in Ophir Chasma [1].  It has a relatively 
low TES albedo (0.17) compared to that of the sur-

rounding region (0.20) and of the brighter highland 
plains (0.25) (see Figure 1).  THEMIS-IR images and 
MOLA gridded topography show that this area con-
tains a 100 km2 region in a topographic low at the base 
of the layered floor deposits (see Figure 2).  Its bright-
ness temperature at 1261 cm-1 is approximately 10K 
greater than that of the average non-shadowed sur-
rounding terrain.   
 

 
Figure 1: TES visible bolometer data overlayed on a Viking 
control photomosaic of Ophir Chasma.  Note the lower al-
bedo of the region of interest relative to the surrounding 
terrain.  The next low albedo region south of this area along 
the same strip corresponds to the deposit with the greatest 
concentration of gray hematite found in Ophir Chasma by 
[1]. 
 

The THEMIS-IR spectrum of this region (cyan) 
mirrors the spectrum of the highland plains immedi-
ately north of Valles Marineris (maroon) and the rela-
tive brightness temperature of this region is well below 
the average spectrum of the entire region (red–line of 
ratioed value of 1) for all wavelengths except 795 cm-1  

(see Figure 3).  The spectral differences between the 
low albedo region and plains region are consistent with 
the effects of suspended atmospheric dust: because the 
plains are higher elevation than the average scene 
(which includes both the plains and the chasma), we 
see an inverted dust absorption relative to the average.  
The opposite is true for our low albedo region of inter-
est.  The spectra of the regions shown in blue and light 
green in Figure 2 behave similar to the cyan region, 
and are therefore not plotted.  However, it is worth 
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noting that the spectra of the interior layered deposits 
show significant spectral variability not consistent with 
atmospheric absorption.  Of particular interest is the 
spectrum of a layer in the deposits themselves (dark 
green), which shows absorptions relative to the average 
spectrum at both 979 and 848 cm-1.  Unfortunately, this 
feature is too small to be detected by TES.  However, 
the terrain responsible for the variability in the yellow 
and magenta spectra is large enough (km in size) that it 
should be detectable using TES. 

TES spectra of the region (Figure 4, top), ratioed to 
the average spectra of immediately adjacent higher 
albedo regions does not appear to show the differences 
observed in the THEMIS-IR data.  On the other hand, 
this ratio spectrum does show a positive slope in the 
low wavenumber region (200-600 cm-1) and a broad, 
shallow band between 800 and 1200 cm-1.  Neither of 
these two features are present in identically-ratioed 
adjacent spectra.  Even if the broad band corresponds 
to different optical depths through the atmospheric 
dust, the slope cannot be accounted for by atmospheric 
effects based on our modeling of dust absorption in the 
atmosphere. 

Interpretation:  Due to the fact that the largest ab-
sorptions found in the layered terrain correspond to 
only 0.06% variability in THEMIS-IR data relative to 
an average spectrum of the region, care must be taken 
when considering the validity of the observation.  
However, if the two absorptions found in the layers of 
the interior deposits of Valles Marineris are real, they 
require there to be either one material with those two 
absorption features, or more than one different materi-
als whose spectra mix linearly to generate such fea-
tures.  Comparison of the THEMIS-IR spectra of the 
layers with data from the ASU’s mineral spectral li-
brary [3] yields only two minerals that exhibit both 
observed features.  These minerals, bronzite and ensta-
tite, are both orthopyroxenes typically found in vol-
canic rocks.  If we assume instead that each feature is 
generated by one mineral, we find that practically all 
the minerals that possess either one of those two bands 
are silicates (including plagioclases, pyroxenes, amphi-
boles, and serpentines).  All of these can be found in 
volcanic rocks, although the latter two hydroxides can 
also be formed as volcanic alteration products. 

Interpretation of TES spectra is more complicated 
because the only minerals in the ASU spectral library 
that contain a positive, featureless slope at small 
wavenumbers tend to be fine-grained clays.  However, 
this is not necessarily indicative of clays, as the spectra 
for many fine-grained materials like these have not 
been published in this spectral regime. 

 

 
Figure 2: THEMIS-IR 3-band ratio view of the low-albedo 
region found in TES data (region encompasing green dot).  
Each band was ratioed to band 3.  Note other similar regions 
in the image (cyan dot), and the well-defined layers at the 
bottom of the image. 
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Figure 3:  THEMIS-IR spectra of the regions highlighted in Figure 2.  Each spectrum has been divided by an average spec-

trum of the entire region shown in Figure 2 (red) and extending northward into the plains north of the Chasma (not shown).  Note 
the mirroring effect of the spectra of our region of interest (cyan) to that of the highland plains (maroon) about the axis of the 
(red) average terrain line. This effect is caused by atmospheric dust absorption.  Also note the relatively strong absorption band 
of the layers (dark green). 

 
Figure 4: TES spectra of our low albedo region of interest ratioed to an average spectrum of the region defined in Figure 1.  

Note the  positive slope in the spectrum at low wavenumbers and the broad absorption feature between 800 and 1200 cm-1.  Note 
that the similarly-ratioed spectrum of an immediately adjacent, higher albedo region does not show these features. 

 
References: [1] Christensen, P.R. et al. (2001) JGR, 106, 23,873-23,885. [2] Noe Dobrea, E.Z. et al. (2002) 

AAS DPS abstract #34, #03.05. [3] Christensen, P.R. et al. (2000) JGR, 105, 9735-9738. 
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Introduction:  Ozone and water are key species for 

understanding the stability and evolution of Mars’ at-
mosphere; they are closely linked (along with CO, H, 
OH, and O) through photochemistry [1-4].  Photolysis 
of water produces the OH radical (thought to catalyze 
reformation of CO2 from CO and O2) and atomic hy-
drogen (which reacts with O3 forming OH and O2).  
Atomic hydrogen also reacts with O2 (forming HO2), 
thereby reducing the amount of O2 available to reform 
O3 from collisions between O and O2.  Hence ozone 
and water should be anti-correlated on Mars.   

Photolysis of O3 produces O2(a1Dg) with 90% effi-
ciency [5], and the resulting emission band system near 
1.27 mm traces the presence and abundance of ozone.  
This approach was initially used to study ozone on 
Earth [6] and then applied to Mars [7].  In 1997, we 
measured several lines of the O2(a1Dg) emission (Fig. 
1.) using CSHELL [8] at the  NASA IRTF; the 
O2(a1Dg)  state is also quenched by collisions with CO2.  
This quenching dominates at lower altitudes so that the 
detected emissions are used to detect ozone column 
densities above ~20 km.  The slit was positioned N-S 
along Mars' central meridian resulting in a one-
dimensional map of ozone [9].   

 

 
Fig. 1. Spectral extract (summed over one arc-

second) on Mars centered at 24.4o S latitude, 2:20 PM 
local time on Jan 21, 1997 (Ls = 67o).  The continuum 
is sunlight reflected from Mars’ surface.  Emission 
lines from the O2 (a1Dg) state are labeled.  The synthetic 
terrestrial atmospheric model is indicated by the 
dashed trace.  The difference between the observed 
spectrum and the atmospheric model reveals the iso-
lated O2 (a1Dgà X3Sg) emission from Mars’ atmos-
phere (lower trace). A Boltzmann analysis of the emis-

sion lines determines a rotational temperature (175 +/- 
5 K), and the column density above ~20 km (2.8 +/- 
0.2 mm-atm) [9]. 

 
Nearly simultaneous maps may be made of water 

using CSHELL by detecting the ν1 fundamental band 
of HDO near 3.67 mm (Fig. 2) and using the D/H ratio 
for Mars [10].  This technique was used by DiSanti and 
Mumma [11].  With CSHELL, measurements for both 
O2(a1Dg)  emissions and HDO absorptions can be made 
during the day or night.   

 

 
 
Fig. 2. Detection of HDO on Mars Jan 21, 1997 (Ls 

= 67.3o). The observed spectral trace (solid curve-
bottom plot) is an extract summed over 1.0 arc-sec on 
Mars. The upper traces are  atmospheric transmittance 
models generated for the Earth and Mars (Doppler-
shifted); these are combined and plotted as the dashed 
trace with the observed spectrum.  The best fit between 
the HDO lines of the observed spectrum (indicated by 
dots) and the convolved model provides the column 
abundance of water on Mars.  A D/H ratio of 5.2 times 
the standard mean ocean water ratio was adopted [10].  
Solar Fraunhofer lines are also detected [9].  

 
Since January, 1997, we have repeated these meas-

urements at different times during the Martian year 
(Table I). For all of these dates, we have positioned the 
slit N-S along the central meridian; for some of these 
dates, we have also stepped the slit across the planet at 
1 arc-sec intervals generating a 2-dimensional map. We 
have also positioned the slit E-W on Mars thus provid-
ing diurnal variations of ozone and water along the slit.   

 
Seasonal Variation of Ozone and Water:  A 

summary of our observations taken at four different 
times during the Martian year appears in Fig. 3.  The 
largest measured column density of ozone appears near 
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aphelion (Ls = 67o).  The measured ozone (column 
density above 20 km) is large in both hemispheres, but 
is not seen to be anti-correlated with the measured wa-
ter density.  Furthermore, a decrease in the measured 
ozone level appears near the sub-solar (23.5o N) loca-
tion.  Our measurements of ozone were taken close in 
time to those taken with the Faint Object Spectrometer 
(FOS) on the Hubble Space Telescope [12]; this in-
strument measures the total column density of ozone. 
The CSHELL measurements [9] are consistently 
smaller than the FOS measurements. The CSHELL 
measurements also vary smoothly from south to north 
whereas the FOS measurement show a wider variation 
in values; the CSHELL measurements have a field of 
view of ~ 1 arc-sec causing localized variations to av-
erage out while the FOS measurements have better 
spatial resolution on Mars.  We believe that both 
measurements are consistent as explained by an atmos-
pheric model for near-aphelion conditions [13].  Near-
aphelion, water vapor is located at altitudes < 10 km; at 
altitudes above 20 km, water vapor is small and would 
not affect the ozone density.  Since we measure ozone 
above 20 km, we interpret our ozone measurements to 
be insensitive to the water measurements located at 
lower altitudes.  

For the Ls=67o measurements, the decrease in ozone 
density near the sub-solar point has not been suffi-
ciently explained; during this season, ice clouds at mid-
latitudes could affect the density of ozone. Another 
explanation is that the ice clouds prevent some of the 
ozone from being photolyzed causing a smaller emis-
sion from the O2(a1Dg) state [14].  This phenomenon 
requires further analysis. 

The measurements at Ls=103o and Ls=133o   show a 
decrease of ozone in the northern hemisphere with the 
ozone being concentrated in the southern hemisphere 
during the late northern summer; at this time, the water 
column density in the north reaches its yearly maxi-
mum [15]; also, the water vapor probably extends to 
higher altitudes causing the ozone level to decrease.  
This seasonal decrease is not as drastic in the southern 
hemisphere since the overall water column density 
there is still relatively low. 

Observations taken during early northern winter 
(Ls=306o) show no detectable emissions from the 
O2(a1Dg) state across most of the planet indicating a 
reduced value of ozone above 20 km.  This may be 
explained using a model for near perihelion conditions 
[13].  At this season, water vapor extends to higher 
altitude than at aphelion causing a reduction of ozone 
above 20 km.  Though the water column density in the 
northern hemisphere is smaller at this time than at  

Ls=67o, its location at a higher altitude reduces ozone 
above 20 km. 

TABLE I 
CSHELL Observations of Mars 

UT date      Ls     Del-Dot Diameter 
    (km sec-1)  

 21 Jan 1997 67o -15.3 9.6" 
01 Mar 1997 84o -7.2 13.4" 
20 Mar 1999 112o -12.7 12.6" 
 05 Jul 1999 165o 10.5 11.1" 
 15 Jan 2001 103o -17.0 5.7" 
20 Mar 2001 133o -16.5 9.2" 
 10 Jan 2002 306o 13.0 6.0" 
 13 Jan 2003 124o -14.9 4.8" 
21 Mar 2003 154o -15.6 6.9" 

 

 
Fig. 3.   Water and ozone maps taken at different 

times during Mars' year using CSHELL.  The water 
measurements are taken by measuring HDO spectra on 
Mars and using a D/H ratio of 5.2 to obtain water col-
umn densities [10].  The data indicate that the relation-
ship between water and ozone also depends on altitude.  
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A better explanation for the relationship between 

water and ozone in the Martian atmosphere requires 
vertical profiles of both molecules; to date, detailed 
measured profiles are lacking.  Our CSHELL meas-
urements provide limited but useful vertical profile 
information when combined with measurements of the 
total column density of ozone from space [12] or 
ground based [16] observations.  We plan to determine 
an "average" altitude for water by performing a Boltz-
mann analysis on Mars HDO absorption lines (Fig. 4).  
The retrieved rotational temperature can be compared 
to altitude profiles of temperature obtained from MGS- 
TES  measurements [15]. 

 

 
Fig. 4. HDO absorption spectra.  Top traces show ob-

servations at different latitudes; bottom trace shows differ-
ence between the two, canceling the earth's atmosphere 
and yielding the difference in water column density be-
tween the two latitudes. 

 
Diurnal Variation of Ozone:  In additional to sea-

sonal effects, ozone is expected to show strong diurnal 
variation; CSHELL measurements confirm this (Fig. 
5).  These data were taken with the slit oriented parallel 
to the equator of Mars and centered at 57oS; the sub-
earth point corresponds to 2:00 PM local time.  The 
presented Mars emissions are taken at equal air-masses 
(1.6 arc-sec either side (11:00 AM  and 5:00 PM) of 
the sub-earth point); the decrease in emission intensity 
indicates a decrease in ozone towards late afternoon; 
the observed terminator was in the evening sky.  Ozone 
is regenerated during the night (O + O2 + M à O3 +M; 
OH + O2 à H + O3), and a measure near dawn will 
permit an assessment of this production.  Observing the 
morning terminator, which is available after apparition, 
will enable us to measure the regenerated ozone and to 
follow its photolysis through late afternoon. 

 
 

 

 

Fig. 5.  Observed spectra (O2 (1D) emissions) taken with 
the slit E-W on Mars and centered at 57oS. The two ob-
served spectra are 1.6 arc-sec either side of the sub-earth 
points (11:00 AM, 5:00 PM local time). A terrestrial 
model is subtracted from the observed spectra yielding O2 
(1Dg) emission lines in the Mars spectra that are Doppler 
shifted from the corresponding earth absorptions. Decrease 
in the O2(1Dg) emission through the day results from photo-
destruction of ozone by the UV Hartley band. 

Future Plans:  Our goal is to take observations 
throughout the entire Martian year.  Mars' eccentric orbit 
leads to ~45% more insolation at perihelion than aphelion; 
this results in the large difference between northern sum-
mer and southern summer as shown by data taken at Ls = 
103o and Ls = 306o in Fig. 3.  Our observations require 
Doppler shifts greater than 10 km sec-1 in order to  distin-
guish Mars' spectra from the earth's.  Seasonal gaps in our 
database exist between Ls = 165o and Ls = 306o and be-
tween  Ls = 306o and Ls = 67o ; during the time period of 
the latter gap, the ozone column density is expected to 
increase drastically across the planet.  January – April, 
2004 will provide the opportunity to observe Mars be-
tween Ls = 330o and Ls = 10o. Continued mapping with the 
slit E-W will provide information on both the photo-
destruction and the regeneration of ozone above 20 km.   
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Introduction:  High resolution Viking images (or-

bit 724A, 14m/pixel) show evidence for ancient glacia-
tion in parts of southeastern Elysium Planitia. While 
previous authors have mapped the materials as thin 
lacustrine and fluvial deposits [1], we present evidence 
for erosional and depositional processes associated 
with glacial environments. The previous ice sheet 
formed hummocky goundmoraines, eskers, and possi-
bly pingos. 

Geomorphology:  Detailed geomorphological 

mapping of high resolution Viking Orbiter images 
reveals several features which can be attributed to gla-
cial and periglacial processes in the southeastern part 
of Elysium Planitia (Fig. 1). 

Ground moraines.  The presence of a former ice 
sheet is indicated by hummocky terrain resembling 
terrestrial ground moraines. A sharp contact marks the 
boundary between the ice sheet and an adjacent yar-
dang field. 

Eskers.  The ground moraine is locally overlain by 

Figure 1: Image mosaic of Viking orbit 724A (14m/pixel; image width 60km, North is up, center at 207°W, 
-3°S) and geomorphological sketch map. Hummocky groundmoraines, eskers, and possibly pingos are evi-
dence for former glaciation. The outlined box A marks the location of eskers deformed into a zigzag pattern 
typical for terrestrial concertina eskers (compare with box A' in Fig. 2). 
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GLACIATION IN ELYSIUM PLANITIA:  J. Nussbaumer et al. 

 

mostly curvilinear features. They are interpreted as 
eskers, sinuous ridges of glacifluvial sand or gravel 
formed as infillings of ice-walled  rivers [2,3]. Locally, 
the sinuous pattern of the eskers (as seen in plan view) 
is changed into a jagged or zig-zag path. On Iceland, 
previously sinuous eskers have been shortened and 
crumpled into such a zigzag pattern by the advancing 
glacier snout (Fig. 2) [4,5]. These so-called concertina 
eskers are associated with surging glaciers, character-
ized by periodic changes in flow velocities over vari-
ous timescales [6]. It is important to note that the 
surges are NOT triggered by climatic oscillations, but 
by oscillations in the internal workings of the glacier 
[7]. Therefore, although it is tempting to ascribe the 
former existence of a possible surging glacier on Mars 
to previous climatic changes, this assumption is not 
supported by terrestrial analogy. 

 

A'

1964 surge moraine
1982 ice margin
esker
concertina esker
crevasse fills
flutes

0 100 200m

 
 
Figure 2: Sketch map of concertina eskers associated 
with the Bruarjökull glacier in Iceland. Eskers are de-
formed by the advance of the glacier snout. Note the 
similarity of the feature in the outlined box A' with the 
esker in box A of Fig. 1 (modified from [5]). 
 

Pingos.  Several circular hills are distributed on the 
ground moraine, partly characterized by depressions 
on their top. They are interpreted as pingos, ice-cored 
hills formed in periglacial environments on Earth by 
the intrusion and subsequent freezing of pressurized 
water or by the growth of ice lenses [2,3].  

Boulder trains.  Boulder trains are widespread on 
the ground moraine (Fig. 3). While they also occur in 
the lee of obstacles in large floods or downslope from 
outcrops on steep slopes, they can also be associated 

with glacial deposits [8]. There, they indicate the di-
rection of ice movement during the last stage of glacia-
tion [9]. 

Conclusions:  Several landforms in southestaren 
Elysium Planitia suggest previous local or regional 
glaciation. The relatively young age (Amazonian, see 
[1]) and the geographic location near the equator bears 
important paleoclimatic implications. Further investi-
gations (especially more detailed age determinations 
by crater counting and high resolution imagery by the 
Mars Observer Camera or future instruments) are re-
quired to confirm or reject the possibility of near equa-
tor glaciation in the comparably recent past of Mars. 
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Figure 3: Boulder trains possibly related to a pulse of 
erosion at the end of the last glacial cycle when the ice 
was thin [9]. They also indicate ice movement from SE 
towards NW (topographic data from the Mars Ob-
server Laser Altimeter show that topographic gradient 
is towards NW; Viking orbit 724A, width of image 10 
km, North is up). 
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MELTING OF THE MARTIAN PERMAFROST BY HYDROTHERMAL CONVECTION ASSOCIATED
WITH MAGMATIC INTRUSION.  Y. Ogawa1, Y. Yamagishi2 and K. Kurita1, 1Earthquake Research Institute,
University of Tokyo 1-1-1, Yayoi, Bunkyo-ku, Tokyo, (Yoshiko@eri.u-tokyo.ac.jp), 2Institute for Frontier Research
on Earth Evolution, Japan Marine Science and Technology Center, Yokosuka.

Introduction:  Many surface features on Mars are
closely connected with the subsurface permafrost layer.
The polygonal fractures and the possible thermokarsts
are observed on the martian surface and they are
analogous to the terrestrial features located on the
permafrost. The rampart and/or fluidized ejecta mor-
phology of martian craters is indicative of subsurface
volatiles. Mars should stock much water in a form of
ground ice.

The suspected fluvial features on Mars would sug-
gest water (or its mixture), which is coming from the
subsurface aquifer or the ground ice. Such a martian
hydrothermal system has been the alternative idea to
the assumption of precipitation for forming observed
fluvial-like features on Mars. The outflow channels, in
particular, have characteristics unique to water erosion
and clearly indicates the surface runoff of huge amount
of water [1], [2], which usual precipitations could not
supply. The outflow channels potentially suggest the
pre-existence of a substantial amount of liquid water
very close to the martian surface to cause a large flood.
The idea of supplying such massive liquid water near
the ground might be still controversial, however, from
many observational facts, we assume that the igneous
melting of the martian permafrost layer should have
played a significant role. We have numerically simu-
lated the generation of meltwater and are proposing a
consistent scenario of forming the outflow channels as
well as the headwater regions; chaotic terrains [3].

Igneous Melting of the Subsurface Permafrost
Layer:  We numerically simulate the melting process
of the permafrost layer induced by magmatic intrusion
[3]. The shape of the intrusive body has a significant
effect on the development of the melt region. The per-
mafrost is modeled as a porous medium in which the
matrix is rock and the pores are filled with water ice.
Several types of porosity distribution are assumed. The
point of our simulation is incorporation of thermal
convection in porous media, which has not been mod-
eled well in previous studies of the melting of the per-
mafrost.
   Our main results show that convection in the melted
zone causes drastic change in heat transfer, which re-
sults in focussing the growth of the melt region and
enhancement of water generation. The resulting melt
zone extends vertically up just next to the surface, like
a plume with a single column (mushroom structure) as
seen in Figure1. t is the dimensionless time (normal-

ized by H2/a, a: thermal diffusivity of water) and the
zone which is about a size larger than the yellow re-
gion corresponds to the melted zone. Lastly, we see,
that the hot zone spreads laterally (t > 0.17) in equilib-
rium state.

   The behavior of the system is mainly controlled
by the two non-dimensional parameters; the Rayleigh
(Ra) number and the Stefan number (Ste). The Ra rep-
resents the strength of the thermally-driven natural
convection in a porous medium and the Ste represents
the measure of thermal contribution of the phase
change [3]. The development of the meltwater volume
with the time is shown in Figure 2. The pure conduc-
tion case is illustrated as a reference, showing only a
gradual rise in water volume with time. This contrasts
with an abrupt rise in meltwater production associated
with the initial and middle stages of convection. Here
the volume shown is normalized by 3H2D (H: thick-
ness of the permafrost layer, D: the depth) and time is
non-dimensional.

Martian Hydrothermal Systems:  The melting
process within the permafrost driven by the thermal
conveciton, which we revealed in the previous section,
produces a substantial amount of water very close to
the surface. In response to compaction in this region,
segregated liquid water is expected to form a subsur-
face pool and may have erupted out of the ground to
form the fluvial features. Liquefaction might happen,
too, which could result in the similar catastrophic
process. Such events would certainly be accompanied
by surface destruction, which we can see as chaotic
terrain.
   We are proposing a consistent scenario of forming
surface features around the outflow channels (Figure 3).
   The implication of the melting of the permafrost is
not restricted to the formation of chaotic terrains. Other
features settled in headwater regions of channels could
possibly be influenced by this melting process of the
subsurface permafrost layer.
   We direct our attention to each of such surface fea-
tures. We will report on results of simulation with
more plausible parameters, especially considering the
morphology of the magmatic intrusion. Recently Scott
et al. [4] and Wilson and Head [5] showed the probable
population of giant dikes from the Tharsis area. The
sill intrusion was also discussed on the Ascraeus Mons
based on the geologic analysis [6]. Considering the
newly revealed observational facts, we simulate the
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melting process for the more realistic case targeting at
each of the observed features.
   In the modeling, we also modify our previous simple
assumptions, introducing the vertical distribution of the
porosity of the permafrost layer and evaluating the
thermal history of the magmatic body intruded.

 Summary:  We have quantitatively assessed the
effect of thermal convection on enhancing and focus-
ing heat transfer in melting of the permafrost on Mars.
The resulting melt zone extends up to just beneath the
surface, creating a plume with a mushroom structure.
The resulting volume of meltwater is several times as
much as that expected in the conduction case. These
two characteristics mean that substantial amount of
meltwater could exist very near to the surface, which
should effect on the possible hydrothermal systems on
Mars considerably. We applied our numerical simula-
tion to the plausible area on Mars where the interaction
of magma and permafrost is expected, modifying our
model and introducing the more realistic parameters
based on the latest observation.
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Figure 3.  A scenario for the origin of chaotic terrain and outflow

channels, quoted from Ogawa et al., 2003.

Figure 1.  Evolution of temperature field within the mart ian perma-

frost  layer with igneous heating, quoted from Ogawa et al., 2003.

t is dimensionless time and the zone which is about a size larger than

the yel low region corresponds to the melted zone. The zone extends

vertically with t ime and extends almost to the  surface. Last ly, the

hot zone spreads laterally (t > 0.7) in equilibrium state.

Figure 2.  Production of meltwater as a funct ion of time for various

Ra: 100-1200, quoted from Ogawa et  al., 2003. The pure conduction

case is il lustrated as a reference, showing only a gradual rise in water

volume with time. This contrasts with  an abrupt rise in meltwater

production associated with the initial and middle stages  of convec-

tion. Volume is  normalized by 3H2D (H: thickness of the permafrost

layer, D: the depth). Time is non-dimensionalized by H2/a (a: ther-

mal diffusivity of water).
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SUBSURFACE EXPLORATION FOR WATER ON MARS 
G. R. Olhoeft (Colorado School of Mines, 1500 Illinois St., Golden, CO 80401-1887 USA golhoeft@mines.edu). 

 
 
Introduction:  Water is involved in many geo-

logical and biological processes and has many unusual 
properties.  The unique detection of water requires 
looking for a method that can characterize something 
unique about the existence or occurrence of water or 
of some process that is a result of the behavior of 
water.  There are many methods that can detect the 
presence of water but few that can unambiguously and 
uniquely identify it as being water.  Most methods rely 
on detecting the motion of all or parts of the water 
molecule [1].  Each method has advantages and disad-
vantages in subsurface exploration, but those that are 
the most unambiguous detectors of water do not work 
to adequate depths of exploration (hundreds of meters 
to kilometers).  The methods that can least ambigu-
ously detect water to depths of kilometers are com-
bined electromagnetic and seismic exploration for the 
Bjerrum defect dielectric and elastic relaxation proc-
ess in water ice and the seismoelectric coupled proc-
ess for liquid water in a pore space.  

Electromagnetic Exploration:  By exciting mo-
tion in charged particles, electromagnetic waves are 
generated.  The interaction of these waves with matter 
is a function of the frequency of excitation of the 
wave.  At low frequencies (below 1 MHz), these waves 
diffuse into the ground through a process called elec-
tromagnetic induction, and there are many methods 
and techniques available to use EM induction for sub-
surface exploration [2].  At high frequencies (above 1 
MHz), the waves propagate and the most common 
exploration method is called ground penetrating  radar 
[3].  The depth of subsurface exploration is a function 
of material properties and frequency, with lower fre-
quencies penetrating deeper.  The resolving ability of 
the methods general improves with increasing fre-
quency.  Grimm [4] and Olhoeft [5] have reviewed the 
prospects for low and high frequency electromagnetic 
systems on Mars.   

These electromagnetic systems respond to geome-
try and the material properties characterized by elec-
trical conductivity, dielectric permittivity, and mag-
netic permeability [6].  The electrical conductivity and 
dielectric permittivity of soils and rocks are a func-
tion of their water content and properties.  Water 
presence has no impact on magnetic permeability 
(unless water changes iron oxidation state by corro-
sion).  At low frequencies, the electrical conductivity 
is a very sensitive indicator of the amount, chemistry, 
state and distribution of water [7].  However, there are 
a large number of factors that determine electrical 

conductivity, making it a very nonunique detector of 
water.   

Frozen water as ice Ih has a Bjerrum defect in its 
structure which results in a dielectric relaxation proc-
ess in the kilohertz frequency range [8].  The detection 
of the frequency response of this dielectric relaxation 
is a less ambiguous indicator of water.  It is not 
unique, however, as geometry or magnetic relaxation 
processes [9]  may also possibly produce similar re-
sponses in electromagnetic exploration systems.   

Seismic Exploration: If instead of propagating an 
electromagnetic wave, a physical particle motion is 
excited, then an elastic wave will propagate and seis-
mic methods of subsurface exploration are employed. 
As in electromagnetic methods, lower frequencies 
penetrate deeper but higher frequencies have higher 
resolution.  The same defect in ice as produced the 
dielectric relaxation in the kilohertz frequencies also 
produces an elastic relaxation response [8].  Finding 
both the dielectric relaxation with an electromagnetic 
measurement and the elastic relaxation with a seismic 
or acoustic measurement produces not only a unique 
indicator of water ice, but it also indicates the tem-
perature of the ice. 

The viscous motion of liquid water inside a pore 
space is one of the main causes of attenuation for 
elastic wave propagation [10, 11].  The lack of water 
on the moon is the reason why the low frequency 
seismic attenuation is so low [12].  High frequency 
attenuation is dominantly by scattering. 

Water Exploration:  The search for subsurface 
water at depths greater than one meter is relatively 
difficult.   To first order, the seismic Q is a good large 
volume average indicator of water presence.  If the Q 
is in the thousands or higher like the Earth’s moon, 
then there is no significant water present.  If the Q is 
in the tens, then water is present in the subsurface 
comparable to the Earth.  In between, the details of the 
Q versus frequency from a few hertz to kilohertz will 
indicate the amount and form of water (liquid or fro-
zen).  Around a few hertz, both seismic and electro-
magnetic measurements can penetrate to kilometers 
depth of investigation. 

If the seismic Q versus frequency and the electro-
magnetic Q versus frequency show relaxation proc-
esses in the kilohertz region, then the Bjerrum defect 
model [8] can be used to identify and estimate the 
amount of frozen water ice Ih present and the 
temperature of the ice.  Kilohertz depth of penetration 
may be as much as kilometers for electromagnetic 
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methods, but will likely be hundreds of meters or even 
much less for seismic methods.  This requires con-
firmation that there are no obscuring or confusing 
magnetic relaxation processes present, and it requires 
information about electromagnetic and seismic noise 
levels. 

If the electrical conductivity is very low at low fre-
quencies, then little liquid water is present.  If it is 
very high, then the possibility exists for significant 
amounts of water to be present.  However, conductive 
minerals like salt brines, mineralogical clay minerals, 
metallic minerals, and high temperature materials (dry 
geothermal) may also be highly conductive and thus 
confuse the search for water.  Some of this could be 
sorted out by measuring electrical properties as a 
function of frequency and temperature as the bulk of 
the confusing mineralogies exhibit distinctive elec-
trochemical responses [13]. 

To focus further on water, if low frequency meas-
urements show a low seismic Q and a high electrical 
conductivity, and there is no distinctive electrochemi-
cal signature of reactive mineralogy, then the coupled 
process, seismoelectric method should be used.  In 
this, a seismic wave propagates, exciting water move-
ment (if present) inside fractures and pore spaces.  
The electrical charge accumulation at pore walls is 
carried along by flowing fluids inside the pore, requir-
ing an electrical counter current to maintain charge 
neutrality.  The counter current flow through a finite 
electrical conductivity fluid generates a voltage meas-
ured as a streaming potential [14, 15, 16].  The corre-
lated seismic source and electrical response is a low 
ambiguity indicator of the presence of liquid water.  If 
there is no response, then there is no mobile liquid 
water.  There may be adsorbed water. 

Discussion: The search for water on Mars is com-
pounded by several factors.  The high iron content 
soils on Mars are known from Viking and Pathfinder  
[17] to be magnetic at low frequencies.  However, the 
lack of knowledge about detailed magnetic mineralogy 
means there is no information about their frequency 
and temperature dependence on Mars.  The possibility 
exists for strong magnetic responses with high vari-
ability over frequency ranges of significance to both 
high and low frequency electromagnetic methods, and 
for high variability over diurnal and seasonal tempera-
ture ranges.  

The lack of knowledge about the electromagnetic 
noise spectrum on Mars makes design of an adequate 
electromagnetic exploration system difficult. 

Seismic measurements of Q are difficult on the 
earth, and the complete lack of successful seismic 
measurements on Mars leaves much to be desired, 
with a long list of unknowns (noise, coupling, etc.).  

The alternative to deep electromagnetic and seis-
mic exploration for water on Mars is blind drilling.  
Given the mass and costs of transport, and the odds of 
success in the face of geological heterogeneity, drill-
ing must be preceded by adequate geophysical explo-
ration.   

In order to design an adequate geophysical explo-
ration program for water, electromagnetic and seismic 
noise levels must be measured on Mars.  The magnetic 
mineralogy must be determined and the impacts on 
electromagnetics must be studied.  The Mars range 
temperature dependence of the properties of water 
bearing systems must be studied for the range of min-
eralogies expected.  Seismic coupling of instruments 
to Mars dusts and soils under Mars ambient tempera-
ture and pressure must be studied.   

At the end of these measurements and studies, the 
range of water contents and conditions that could be 
detected on Mars and over what range of geologies 
and depths could then be accurately predicted. 
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The MARSES is the sounding instrument program on the base new portable geophysical 

instrumentation developed of searching for water, water-ice or permafrost layers existing in 
some depth under the visible surface of Mars. The first task is to measure the soil properties of 
the subsurface of Mars, which include porosity, electrical resistance of the liquid phase, thermal 
conductivity, temperature dependence and so on. A main task of the MARSES experiment is to 
examine changes in subsurface properties of local areas regolith on the martian subsurface, and 
to relate them to optical images and other remote sensing data in order to understand the nature 
of different terrain forms and structure of cryolitozone of Mars.  

 On the basis of results of several expedition programs in the earth’s conditions  the optimum 
configuration of devices and techniques of measurement which allows to receive spatial 
geoelectrical structure subsurface horizons near martian landers or rover study area in the future 
martian missions is revealed. 

During cooperation within the frames of space research missions devoted to Mars exploration, 
which soil slice conditions are close to Earth's arid and semiarid lands, was developed compact, 
light and reliable instrument for subsurface sounding and mapping for Earth's applications, and 
more specifically it relates to a method to map, track, and monitoring: groundwater, groundwater 
channels, groundwater structures, subsurface pollution plumes, maps interconnected fracture or 
porous zones, map leaks in earthen dams, map leaks in drain fields, monitor changes in 
subsurface water flow, monitoring changes in ion concentration in groundwater, monitor in situ 
leaching solution, monitor movement of heap leaching solutions, monitor changes in subsurface 
redox or reaction fronts, monitor underground chemical reactions, monitoring subterranean 
bioreactions, or other subsurface water and related geological structure. 
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          Figure 1. The subsurface monitoring system organization structure. 

 
First observations of the dynamic parameters ( spatial and temporal variations and 
changes of the salt/water interface  in the process of the  inland extent and movement of 
saltwater interface up to sounding depth in order to 100 m )  have been obtained on the 
base new generation  non-invasive instrument for subsurface sounding and new 
methodology . This is comparative and calibration studies is very important for future 

experiment on the surface of Mars and also for many application on the Earth . 
Operative geophysical survey of the saltwater and freshwater interaction is an urgent task for 
operative monitoring subsurface system in drylands area in  variuos regions of the world for 
long-term monitoring nature subsurface ecosystem.  

Building of geographical slice using different instruments allows to obtain correct parameters 
for MARSES TEM in order to employ it in frozen soils sounding on the surface of Mars and for 
many applications for long-term monitoring and subsurface studies in the Earth's conditions.  
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THE GLOBAL THREE DIMENSIONAL DISTRIBUTION AND TEMPERATURE OF NEAR-SURFACE 
MARTIAN GROUND ICE: NEW RESULTS FROM MGS TES.  D. A. Paige and J. M. Scherbenski1  
1Dept. of Earth and Space Sciences, UCLA, Los Angeles, CA 90095. dap@mars.ucla.edu 

 
 
Summary:  We have discovered significant global-

scale seasonal thermal anomalies in the MGS TES sur-
face temperature observations that coincide spatially 
with the Odyssey GRS observations of enhanced near-
surface hydrogen abundance [1].  The TES thermal 
anomalies can be explained quantitatively by the wide-
spread presence of cold, high thermal inertia material 
within millimeters to centimeters of the surface that we 
interpret as evidence for ground ice that must extend to 
depths of many meters.  The results provide significant 
insights into the properties and processes that govern 
the behavior of Martian water under current climatic 
conditions, the surface geology of the planet, as well as 
much higher resolution Martian ground ice maps than 
have been previously available. 

Details:  Using techniques originally developed for 
the analysis of Viking IRTM data [1] [2], TES diurnal 
and seasonal temperature variations are compared to 
the results of a one-dimensional radiative-convective 
model, and best-fit surface thermal and reflective prop-
erties are mapped.  The baseline thermal model in-
cludes the radiative and convective effects of the Mar-
tian atmosphere, and assumes surface thermal proper-
ties that are homogenous with depth.  Seasonal thermal 
anomalies are identified by comparing the best-fit base-
line model-derived albedos with the measured TES 
albedos.  Such a comparison reveals the presence of 
significant (5-10K) thermal anomalies at a wide range 
of latitudes. Both negative and positive anomalies are 
observed, depending on latitude and season, and these 
anomalies are well correlated with the hydrogen abun-
dance maps produced by GRS.   

To map the depth to the ground ice, the TES data 
are compared to the results of a more sophisticated 
model with surface thermal properties that are inhomo-
geneous with depth. In this two-layer model, a low 
thermal inertia surface layer is assumed to overlie high 
thermal inertia material that extends to great depth  
below. The depth to the high inertia material is a free 
parameter, which can be determined for each mapped 
region by first constraining the inhomogeneous 
model’s surface albedo to equal the TES measured 
albedo, and then comparing the model’s predicted di-
urnal and seasonal surface temperatures to those ob-
served by TES.  In regions where thermal anomalies 
are observed, the two-layer model provides much bet-
ter fits to the TES observations than the homogeneous 
model.  

The results of the fitting procedure yield three dis-
tinct types of data products – all of which can be pro-
duced as a function of Martian season.  The first are 
maps of the thermal inertia of the surface layer.  The 
second are maps of the depth to the high thermal inertia 
subsurface layer.  The third are maps of the tempera-
ture of the top of the high thermal inertia subsurface 
layer.  In the model, the thermal inertia of the subsur-
face layer is not directly constrained by observations.  
However, the magnitude lower layer’s effect on surface 
temperatures is proportional to the lower layer’s ther-
mal inertia, so at any location, a minimum value can be 
found.  Furthermore, the maximum possible thermal 
inertia for the lower layer is bounded by the maximum 
possible thermal inertia of rock/ice. If the high thermal 
inertia subsurface material is assumed to contain water 
ice, maps of model-predicted annual maximum tem-
peratures for the top lower layer can be used to esti-
mate implied near-surface water frost-point tempera-
tures.  This provides constraints on the abundance of 
near-surface water vapor in the atmosphere assuming 
that the ice is close to being in equilibrium with the 
present climate.   

Implications:  Our analysis of the TES observa-
tions provides additional strong evidence for the wide-
spread global-scale presence of near-surface ground ice 
on Mars.  The ice has high thermal inertia, which is 
consistent with GRS results indicating high water to 
soil ratios [1].  The maps we will present at the meeting 
will show signifcatly more spatially resolved, three-
dimensional views of the present distribution of Mar-
tian ground ice than have been available previously.  
These maps  will be correlated with topography, im-
ages, geological maps, soil thermal and reflectance 
properties, and atmospheric water vapor abundance 
datasets, to produce a much clearer picture of the prop-
erties and processes that are responsible for its global 
distribution.   
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MARSFLO: A GENERAL TOOL FOR SIMULATING HYDROLOGICAL PROCESSES IN THE 
SUBSURFACE OF MARS.  S. L. Painter, Southwest Research Institute (6220 Culebra Road, San Antonio, Texas 
78238-5166 spainter@swri.org). 

 
 
Introduction:  Although recent spacecraft obser-

vations have provided important new information 
about the present state of the near-surface hydrological 
system [1], significant uncertainties about the deeper 
hydrological system and the past system remain. Nu-
merical simulations used in combination with space-
craft or lander-based observations have an important 
role in testing hypotheses and in placing constraints on 
the hydrological system. Previous modeling studies 
have relied on computer codes designed to address 
specific processes, usually in one spatial dimension 
(e.g. [2,3]) but occasionally in three dimensions [4]. 
General-purpose simulation codes addressing the 
range of relevant physical processes and conditions in 
the Martian subsurface conditions have yet to be de-
veloped.  

The Southwest Research Institute™ is currently 
developing a non-isothermal, multiphase simulation 
code adapted for the conditions of the Martian subsur-
face. The goal is to provide the Mars research commu-
nity with a general simulation tool (MarsFlo) that can 
be used to test hypotheses about the current and past 
state of the Mars subsurface hydrological environment 
in multiple spatial dimensions.  

Underlying Models in the MarsFlo Code:  The 
processes included in the MarsFlo code include:  

• Partitioning of water between the liquid, va-
por, and ice phases, including the effect of 
capillary forces on lowering the vapor pres-
sure.  

• Advective transport in the liquid and gas 
phases.  

• Diffusive transport of water vapor and CO2 in 
the gas phase and of CO2 dissolved in liquid 
water.  

• Conductive and convective transport of heat.  
• Accurate representations of various physical 

properties of water/ice/vapor as functions of 
temperature and pressure. 

Conservation Equations. The governing equations for 
MarsFlo include an energy balance equation, and con-
servation equations for water and CO2 in gas, liquid, 
and ice phases. In partially saturated pores, water 
and/or ice is assumed to be in equilibrium with water 
vapor, which is why only two conservation equations 
are required.  

Using the extended Darcy’s law for multi-
phase flow, the conservation equations for water and 
CO2 are:  

 

 
where s is the phase saturation,  t is time, φ is porosity, 
ρ is the phase density, ω is mass fraction, k is the abso-
lute permeability, kr is relative permeability, µ is dy-
namic viscosity, z is the vertical coordinate, g is the 
acceleration due to gravity, D is the diffusion coeffi-
cient, τ is the tortuosity factor, and S is the mass 
source rate.  The subscripts l, g, and i represent liquid, 
gas and ice phases, respectively. The superscripts w 
and a represent water and CO2 mass, respectively.  

The corresponding energy balance equation is 
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where u is internal energy, h is enthalpy, V is the darcy 
flow velocity, ke is the equivalent thermal conductivity 
for the rock-water-ice mixture, SE is the thermal energy 
source, and the subscript s denotes the solid (rock) 
phase.  

Several constitutive relations are needed to close 
the above system. The most important of these are the 
saturation-pressure relations and the relative perme-
ability-saturation relations. The models implemented 
in MarsFlo follow closely those of White [5], which 
were synthesized from existing theories on freezing in 
terrestrial soils [6,7].  

Saturation Pressure Relationships. Functional rela-
tions between phase saturations and interphase capil-
lary pressures are required. In partially frozen geologi-
cal material, water is generally the wetting phase with 
respect to both air and ice, implying that ice forms first 
in the largest water-filled pores. It is also generally 
assumed that a thin film of water separates the ice from 
gas and prevents a direct gas-ice interface. Thus, two 
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retention curves (saturation-capillary pressure rela-
tions) are required.  

In multiphase systems, the retention curves for all 
phase pairs can be related to the retention curve for 
any two-phase system by an interfacial-tension de-
pendent rescaling of the capillary pressure. For the ice-
water-gas system,  
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where *S  is the retention curve for a two-phase system 
with unfrozen liquid and gas, β is the ratio of interfa-

cial tensions 
il
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σ
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, cglP is the gas-liquid capillary pres-

sure and cilP is the ice-liquid capillary pressure.  The 
left side of equation 3 is the “unfrozen fraction” and 
the left side of equation 4 is the “apparent” liquid satu-
ration (ratio of unfrozen liquid to available pore 
space). For clarity, we have set the residual (irreduci-
ble) saturation to zero, but this can easily be included 
as discussed by White [5].  

The ice-liquid capillary pressure can be obtained 
from thermodynamic considerations, as derived by 
Loch [8] 
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where Cl is the solute concentration, R is the universal 
gas constant, hiw is the heat of fusion for water-ice, and 
the superscript 0 represents reference conditions. In 
this preliminary study, we set the solute concentration 
to zero. However, solute exclusion from the ice phase 
and the resulting increase in the aqueous concentration 
has the important effect of lowering the freezing tem-
perature and will be included in future refinements of 
the model.  

Several empirical forms exist for the soil moisture 
retention curve *S .  Van Genuchten’s [9] model is 
used,  
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where α and n are curve fitting parameters and m=1-
1/n.  

Examples showing the unfrozen fraction as func-
tion of temperature are shown in Figure 1 for various 
values of the van Genuchten parameters. These were 
obtained by combining equations 3,5 and 6.  

Relative Permeability Curves. Relationships be-
tween the phase permeabilities and the phase satura-

tions are also required. Once the saturation-capillary 
pressure relationships have been specified, Mualem’s 
model [10] can be used to calculate the liquid relative 
permeability. The result is  
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Gas-phase relative permeability is generally less im-
portant and we use a simple linear relationship 

grg sk = .  

Gas Diffusion Model. In the low pressures of Mars, 
the mean free path for gas molecules is roughly the 
same magnitude as a typical pore size [2].  Under these 
conditions, gas diffusion results from a combination of 
classical binary molecular diffusion and collisions with 
the mineral grains (Knudsen diffusion). The diffusion 
coefficient is calculated in Marsflo as an appropriately 
weighted combination of binary molecular diffusion 
and Knudsen diffusion [2].  

Thermal Conductivity Model. Thermal conductivity 
in porous media depends on the properties of the min-
eral grains, the pore structure, and properties of the 
pore-filling fluids. Because MarsFlo is designed to 
operate across the entire range of phase saturations – 
from fully saturated with ice and/or water to fully dry 
– thermal conductivity models that can be tuned con-
tinuously across these saturation states are required. 
The thermal conductivity model in MarsFlo is based 
on a series-parallel model that is generalized slightly 
from that of Mellon et al. [3].  The model considers the 
bulk (composite) thermal conductivity of a porous 
medium as being due to two thermal resistances in 
series, one for the mineral grains and one for the inter-
stitial resistance to heat flow. The interstitial resistance 
is composed in turn of three resistors in parallel: a gap 
resistance, ice resistance and water resistance. Each of 
these individual resistors depends on the local porosity 
and the phase saturations. Specifically, the composite 
conductivity is written  
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where grainκ is the thermal conductivity for the mineral 

grains, φ  is the porosity, and intκ is the interstitial 
conductivity. Under totally dry conditions, intκ is sim-
ply a gap conductance gapκ but in partially saturated 

conditions it depends on the local phase saturations 
and the thermal conductivities for liquid and ice:  
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where if and lf are fraction of the cross sectional area 
available for liquid conductance through the ice and 
liquid phases, respectively. Mellon et al. [3] note that 
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the cross sectional area fraction occupied by the wet-
ting phase is well approximated by the square root of 
the saturation for that phase. For the ice-water-gas 
system with wetting hierarchy water>ice>gas, this 
implies ll sf ≅ and llii sssf −+≅ . 

Thermophysical Properties. Accurate representa-
tions of various thermophysical properties such as 
saturated vapor pressure, density, internal energy, spe-
cific heat are also needed. These are included in Mars-
flo through empirical fits to tabulated values. 

Numerical and Computational Considerations. 
The integrated finite difference method is used in 
MarsFlo to discretize the conservation equations. In 
this approach, the partial differential equations are 
replaced by a coupled set of discrete balance equa-
tions, one for each component in each cell. This spatial 
discretization approach is more difficult to implement 
than a finite difference method on a simple structured 
grid, but has the advantage of accepting structured or 
fully unstructured grids in one, two or three dimen-
sions.  

Time stepping in MarsFlo is by the fully implicit 
method with Newton iterations at each time step to 
resolve the nonlinearities, consistent with the approach 
normally used in two-phase thermal hydrological sys-
tems. Calculation of the Jacobian matrix used in the 
Newton method is done numerically by the perturba-
tion method.  

Primary variables in MarsFlo depend on the satura-
tion state, and a variable switching method is used to 
accommodate changes in the saturation state. In the 
all-gas conditions, the primary variables are air partial 
pressure, total gas pressure, and temperature. For par-
tially saturated conditions, the primary variables are 
gas saturation, gas pressure, and temperature. In the 
no-gas state, the primary variables are mole fraction of 
CO2 in liquid, pressure, and temperature. Secondary 
variables are calculated at each time from these pri-
mary variables using the constitutive relationships.  

Example Simulations: Laboratory Freezing Ex-
periment. As an initial test of the MarsFlo code, we 
attempt to reproduce, in general terms, freezing phe-
nomena observed in laboratory experiments, similar to 
those of Jame and Norum [11]. The particular scenario 
modeled involves a 30 cm long tube filled with a par-
tially saturated porous medium. The ends of the tube 
are sealed and the medium is initially at 20 °C with 
liquid saturation of 0.27.  At t=0, the temperature at 
one end is lowered to –10 °C. The temperature of the 
other end is held constant at 20 °C.  Parameters for this 
simulation are the same as those of White [5]: α=0.279 
m-1, n=1.64, φ=0.50, k=3.0 10-10 m2.  

Results are shown in Figure 2 for times 6 hours and 
24 hours. The simulation reproduces moisture redistri-

bution phenomena that are observed experimentally. 
As the freezing front propagates into the medium, the 
liquid saturation is reduced by freezing. This greatly 
decreases the liquid pressure, and draws water into the 
freezing front, eventually increasing the total water 
content at the position of the freezing front and de-
creasing the water content ahead of the freezing front. 
This simulation is generally consistent with the ex-
perimental results of Jame and Norum [11]; direct 
quantitative comparisons were not attempted because 
of incomplete information about the experimental con-
ditions.  

Freezing of a Martian Aquifer. For a second dem-
onstration example, we consider the freezing of an 
aquifer and the long-term redistribution of ice in the 
Martian subsurface.  

The model domain is one-dimensional with a no-
flow boundary for gas and liquid at the bottom, which 
is located at 1265 meters below the surface. The initial 
condition is steady state with water table located about 
500 m below the surface. The initial surface tempera-
ture is 273.65 K and a geothermal flux of 30 mW/m2 is 
applied at the lower boundary. The dry thermal con-
ductivity is 1 W/m2 K. Under these steady state condi-
tions, the bottom of the simulation domain has tem-
perature of about 298 K.  

To start the simulation, the surface temperature is 
lowered to -30 °C. The upper boundary is also closed 
to vapor movement, an imposed condition that is 
meant to represent the formation of a vapor barrier 
such as an ice layer on the surface. The results are 
shown in Figure 3 for several selected times. For the 
first few hundred years, the cold front is propagating 
into the subsurface, essentially freezing the small 
quantities of water in place. At about 1000 years (not 
shown), the 0 °C isotherm starts to approach the water 
table. As ice starts to form a few meters above the wa-
ter table, capillary forces draw water into the freezing 
zone. At about 2000 years, enough liquid water have 
been drawn from the saturated zone into the freezing 
zone to cause the pore space becomes saturated with 
ice at one location. This process of freezing and freez-
ing-induced redistribution of water continues until the 
entire aquifer is frozen (about 10000 years). Once the 
entire aquifer is frozen, the themally driven redistribu-
tion of water does not stop, but continues at a much 
slower rate. Under these conditions, thermally driven 
vapor diffusion causes ice to migrate from the ice layer 
at depth to the colder regions near the surface.  Over 
20 Million years, this cold trap effect moves enough 
water to nearly saturate the pore space with ice near 
the surface. 

Conclusions: Prototype versions of the MarsFlo 
code demonstrate the feasibility of adapting the theory 
of terrestrial freezing soils to Martian conditions. 
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MarsFlo has a wide range of potential applications.  It 
may be used, for example, to: 

• test hypotheses about the evolution of the sub-
surface hydrological environment,  

• refine estimates of the depth to unfrozen wa-
ter,  

• study interactions between hypothesized mag-
matic intrusions and  the cryosphere,  

• evaluate the potential for future drilling activi-
ties to make unwanted perturbations to the in-
situ environment.  

Future development of the MarsFlo code will focus on 
improving numerical performance, on models for at-
mosphere/subsurface interactions, and on coupling 
with geochemistry codes.  
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Figure 1: Unfrozen liquid fraction versus temperature 
for three values of the van Genuchten parameter.  

 
Figure 2: MarsFlo simulation of freezing porous me-
dium at the laboratory scale showing experimentally 
observed phenomena of freezing-induced moisture 
redistribution. 
 

 
Figure 3: Simulation of a freezing aquifer and long-
term redistribution of moisture in the Martian subsur-
face. This demonstration simulation spans the range of 
physical conditions (all gas, all liquid, all ice, partially 
saturated) expected in the Martian subsurface. 
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Introduction: Parker (1985, 1994) first described 

evidence for catastrophic flooding from a large lake or 
sea within Argyre Planitia through the Uzboi-Holden-
Ladon-Margaritifer Valles system during the Noa-
chian.  The channel connection to Argyre had been 
recognized during the mid-1970s, based primarily on 
Russian orbiter images taken at that time (Kuzmin, 
pers. comm.).  The most critical reviews of these infer-
ences related to the relative timing of the plains mate-
rials, sinuous ridges, and debris aprons in southern 
Argyre, and the connection, via Uzboi Vallis, of pond-
ing within Argyre to flooding through the Chryse 
Trough.  The prevailing "competing" hypothesis for 
formation of materials within Argyre is that they are a 
result of south circumpolar glacial processes, with gla-
cial scour and stagnation producing the pitting and 
sinuous ridges (eskers) on the basin floor (e.g., Kargel 
and Strom 1992) rather than lacustrine erosion and 
deposition followed much later by a process akin to 
rock glacier formation of the debris aprons in a colder 
Amazonian climate.  Argyre was part of a larger sur-
face hydrological system (the Chryse Trough (Saun-
ders, 1979) that also included two large valley net-
works draining the Margaritifer Sinus region northwest 
of Argyre.  The morphometry of these systems suggest 
a combination of precipitation and groundwater sap-
ping, with surface runoff for their formation (Grant 
and Parker 2002).  

Real Topography!  The inference that a sea within 
Argyre drained catastrophically through Uzboi Vallis 
could not be verified with the low-resolution topogra-
phy available prior to MOLA, because the source of 
Uzboi is obscured by two large craters (Hale and 
Bond) where it approaches Argyre's north rim, and the 
downstream end is overlain by Holden Crater.  Viking 
data doesn't clearly show which way Uzboi Vallis 
flowed. 

Results from the MGS mission (and now the Mars 
Odyssey Mission) offered the opportunity to revisit the 
controversial origin and timing of putative sedimentary 
deposits within Argyre, and test the inferences made 
about the history of fluvial and lacustrine degradation 
of the basin and Chryse Trough that were made by 
Parker based on Viking data. 

Argyre Basin and the Chryse Trough Channel 
Systems: Argyre lies at the southern end of the 
“Chryse Trough,” a broad topographic trough identi-
fied based on the Mariner 9 and Viking low-resolution 

topography (Fig. 6) which dips gently northward from 
Nereidum Montes to Chryse Planitia (Saunders 1979).  
The Mariner 9 and Viking Orbiter-based topographic 
maps that were available prior to MOLA were not of 
sufficient quality to map the continuity of this channel 
system, or even to verify that Uzboi Vallis flowed out 
of Argyre rather than into it.  The new data from 
MOLA and MOC (and now THEMIS) is of suffi-
ciently high resolution that this and a number of other 
nagging questions regarding Argyre Basin evolution 
and associated channels can now be addressed in de-
tail.  Geomorphic observations by Parker (1985, 
1994), coupled with the global hydrologic models of 
Clifford and Parker (2001) and the MOLA topography 
appear to confirm that Argyre and the channels flow-
ing into and out of it comprise the longest known flu-
vial system in the solar system.  

Valley Networks draining into Argyre:  Three 
large valley networks and two outflow channels cut 
through the rim of Argyre on its southeast and north 
sides.  The three valley networks – Surius Valles, 
Dzígai Valles, and Palacopas Valles – all drain into 
Argyre from the south and east, through the southern 
rim mountains (Charitum Montes).  Parker (1997) 
suggested that these valleys once flowed outward from 
the rim of Argyre during the early Noachian, but that 
they were captured by steeper interior-draining sys-
tems that eroded headward into the rim mountains 
more quickly than the outward-draining systems ad-
vanced headward, also during the Noachian.  Surius 
and Dzígai Valles both head near the Dorsa Argentea 
Formation (Tanaka and Scott, 1987).  This formation 
may be the remnants of a circumpolar lake or sea that 
overtopped the drainage devides at the heads of Surius 
and Dzigai Valles. 

Since this formation appears, for the most part, to 
be relatively flat-lying sediment occupying several 
broad intercrater depressions in the south polar region, 
we infer this lacustrine origin. Based on the hydrologic 
model described in Clifford and Parker (2001), we 
propose that large volumes of basal meltwater may 
have been discharged to the surface from beneath the 
south polar cap when the rate of basal melting ex-
ceeded the infiltration rate of the underlying crust 
(necessary, unless polar temperatures were above 
freezing at the time).  Such conditions are a plausible 
consequence of the planet's higher early geothermal 
heat flux and the high rates of polar deposition that are 
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thought to have occurred at this time.  The resulting 
lakes formed by this discharge would have spilled over 
local topographic divides into neighboring basins. But 
the topographic divide between the Dorsa Argentea 
Formation and Hellas Basin appears to be slightly 
higher (in the global topography) than that between the 
formation and Argyre Basin, and no channeling is evi-
dent into Hellas.  Once Argyre captured drainage from 
the south polar region and was itself filled, catastro-
phic overflow through the Chryse Trough could com-
mence. 

Catastrophic flooding out of Argyre: The two 
outflow channels radial to Argyre are Nia Valles and 
Uzboi Vallis.  Nia Valles is a relatively fresh-looking, 
small outflow channel that superposes the mouth of 
Palacopas Valles in southeast Argyre, south of Galle 
Crater.  Nia Vallles probably formed during the early 
Amazonian, after the major fluvial and lacustrine epi-
sodes had concluded (Parker 1989, 1994), and is unre-
lated to flow out of the basin.  

Uzboi Valles flowed into Holden Basin prior to 
formation of Holden Crater (Parker 1985).  The north-
east rim of Holden Basin is “gone” even though this 
basin superposes Ladon Basin.  Instead, a broad 
“ramp” was identified in Viking Orbiter stereo pairs by 
Parker (1985).  Ladon and Arda Valles converge on 
this ramp and drain into the interior of Ladon Basin.  
Parker (1985) inferred that the rim of Holden Basin 
failed catastrophically during flooding from Argyre to 
produce this ramp, which drained a temporary lake that 
had formed in Holden Basin.  Continued flooding from 
Uzboi Vallis favored Ladon Valles’ course, so Arda 
Valles was quickly abandoned.  Channel morphology 
disappears just inside the inner rim of Ladon Basin, 
but resumes on the basin’s northeast side, at Margari-
tifer Valles (Grant 1987). 

The “Mouth” of Margaritifer Valles:  Margari-
tifer Valles quickly branches into a large, complex 
distributary system at about 13°S, 24°W, that broadens 
to about 300 width and eventually fades into the high-
land terrain around 8°S, 23°W (MDIM-1 Areo-
graphic).  Individual branches of Margaritifer Valles 
exhibit two distinct preservation states – one that ap-
pears sharply defined and another that is quite subdued 
with walls that often appear “gullied”.  Uzboi and 
Ladon Valles similarly show two distinct morpholo-
gies, suggesting there were at least two catastrophic 
flood episodes from Argyre (Parker 1985).  

The termination of Margaritifer Valles coincides 
with the location of the proposed “Meridiani Shore-
line” (Clifford and Parker 2001), or Meridiani Level, 
the westward extension of a contact separating sub-
dued highlands on the north from “rugged,” channeled 
highlands to the south in Terra Meridiani (Edgett and 
Parker 1997).   

The implication of this distributary pattern to distal 
Margaritifer Valles is that it may represent a delta that 
formed where catastrophic flooding from Argyre 
reached its base level in an ocean occupying the north-
ern plains to about the -1500m elevation.  The Merid-
iani Level is the highest stand of the ocean proposed 
by Parker et al. (1989, 1993) that had been proposed 
prior to preparation of this proposal. 

Ares Valles originates at 2°S 18°W, from Iani and 
Margaritifer Chaos, and flows north through the 
Chryse Trough, Through Chryse Planitia and disap-
pears in Acidalia Planitia at 32°N, 29°W.  Ares is a 
younger channel than Margaritifer Valles, however, as 
the Chaotic Terrains from which it flows formed at the 
expense of the terrain that is cut by Margaritifer Valles 
(i.e., the floor of Margaritifer Valles is consumed by 
collapse of the chaotic terrain).  So Ares Valles post-
dates the proposed Meridiani Level feature.  It also 
post-dates the Arabia Level (above), and may be con-
temporaneous with the Deuteronilus Level (Clifford 
and Parker 2001). 

 
 

References: Clifford, S. M., and T. J. Parker.  The 
Evolution of the Martian Hydrosphere:  Implica-
tions for the Fate of a Primordial Ocean and the 
Current State of the Northern Plains, in press, 
Icarus, 2001. 

Edgett, K. S., and T. J. Parker.  Water on early Mars:  
Possible subaqueous sedimentary deposits cover-
ing ancient cratered terrain in western Arabia and 
Sinus Meridiani.  Geophys. Res. Let. 24, p. 2897-
2900, 1997. 

Kargel, J. S., and R. G. Strom, Ancient glaciation on 
Mars, Geology 20, p. 3-7, 1992. 

Grant, J. A., and T. J. Parker 2002.   
Parker, T. J., R. S. Saunders, and D. M. Schneeberger, 

1989.  Transitional Morphology in the West Deu-
teronilus Mensae Region of Mars:  Implications 
for Modification of the Lowland/Upland Bound-
ary.  Icarus 82, 111-145.   

Parker, T. J., D. S. Gorsline, R. S. Saunders, D. C. 
Pieri, and D. M. Schneeberger, 1993.  Coastal 
Geomorphology of the Martian Northern Plains.  
Journ. Geophys. Res. 98, No. E6, p.11,061-
11,078.  

Parker, T. J., S. M. Clifford, and W. B. Banerdt.  Ar-
gyre Planitia And The Mars Global Hydrologic 
Cycle.  Lunar and Planetary Science Conference – 
31, 2p., 2000. 

Parker, T. J., 1989.  Channels and valley networks 
associated with Argyre Planitia, Mars.  Lunar and 
Planet. Sci. - XX, Lunar and Planet. Inst., p. 826-
827. 

Sixth International Conference on Mars (2003) 3274.pdf



Parker, T. J., 1994.  Martian Paleolakes and Oceans, 
Ph.D. Dissertation, University of Southern Cali-
fornia, 200p. 

Parker, T. J., 1997. Fluvial and lacustrine degradation 
of large highland basins during the Noachian.  In 
Clifford, S. M., A. H. Treiman, H. E. Newsom, 
and J. D. Farmer, eds.  Conference on Early mars:  
Geologic and Hydrologic Evolution, Physical and 
Chemical Environments, and the Implications for 
Life.  LPI Contribution No. 916, Lunar and Plane-
tary Institute, Houston, p. 65. 

Parker, T. J., and Currey, D. R, 2001.  Extraterrestrial 
Coastal Geomorphology, Geomorphology 37, p. 
303-328. 

Tanaka, K. L. and Scott, D. H. 1987.  Geologic Map of 
the Polar Regions of Mars.  Atlas of Mars, 
1:15,000,000 Geologic Series, USGS Map I-1802-
C. 

 

Sixth International Conference on Mars (2003) 3274.pdf
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Introduction:  Previously [1], we showed that the 

viscous relaxation of subsurface water ice in the North 
Polar Layered Deposits (NPLD) provides a much bet-
ter fit than does surface sublimation to the key mor-
phological observations of NPLD troughs and scarps.  
These include: the lack of latitudinal dependence of 
either the maximum surface slope or total depth of 
NPLD troughs; the correlation of maximum surface 
slope to total depth of NPLD scarps; the equatorward-
facing/poleward-facing (EWF/PWF) slope asymmetry 
of opposing NPLD trough walls; and the presence of 
extremely steep NPLD scarps well above the angle of 
repose.  Here, we argue that the stratigraphy of North 
PLD troughs and scarps is also more consistent with 
relaxation . 

Trough Evolution:  The results of both our subli-
mation modeling and relaxation simulations indicate 
that NPLD troughs are relatively young features [1].  
For if NPLD troughs predate the last high obliquity 
epoch (5 Ma < t < 10 Ma), then neither EWF nor PWF 
walls experience a significant long-term sublimation 
advantage, which means that the observed trough slope 
asymmetry cannot be sustained by preferential subli-
mation of EWF walls.  Moreover, trough closure re-
laxation times (to a depth of less than d = 200 m) at 
high obliquities are much shorter than at present, due 
to increased subsurface temperatures.  Thus we con-
clude that most North PLD troughs have probably 
formed within the last 5 Myr—most likely during the 
transitional period from high to low mean obliquity 
that Martian orbit models consistently place at t ~ 4 
Ma [2,3]. 

The central question is: what mechanism has gov-
erned the subsequent evolution of North PLD troughs?  
More specifically, does the NPLD trough asymmetry 
somehow result from preferential sublimation of EWF 
walls during the last few Myr—despite the greatly 
reduced sublimation rates at lower obliquities?  Or is 
the slope asymmetry produced by differential relaxa-
tion of EWF and PWF trough walls that arises from 
insolation-driven thermal variations?  The strong mor-
phological correlation of trough depth and slope, 
which is difficult to explain in terms of sublimation, is 
consistent with the predicted relaxation history of 
North PLD troughs [1].  Additional support for the 
relaxation hypothesis is provided by the observed 
stratigraphy of NPLD troughs. 

Trough Stratigraphy:  Fig. 1a shows a high-
resolution MOC observation of a typical North PLD 
trough (the location of which is outlined in the wide-

angle context image of Fig. 1b).  PLD troughs have 
been divided [4] into three main stratigraphic units: (1) 
Layered Terrain, expressed upon EWF trough slopes; 
(2) Banded Terrain, located on PWF trough walls; and 
(3) Smooth Terrain, which spans the regions between 
the troughs.   

The EWF Layered Terrain are comprised of clearly 
delineated fine-scale laminae, most of which are rela-
tively dark in appearance.  The continued visibility of 
these layers implies active resurfacing by not only wa-
ter ice sublimation but also eolian erosion—otherwise, 
a sublimation dust lag would be expected to form 
[5,6].  The wider layers of the intermediate-toned PWF 
Banded Terrain are much more irregular, and have 
been interpreted as representing the eroded “feather 
edges” of ice or dust layers deposited on PWF trough 
walls [4].  These two stratigraphic units provide the 
basis for the standard model of trough evolution in 
which water ice sublimed from the EWF Layered Ter-
rain recondenses upon the PWF Banded Terrain, re-
sulting in the poleward migration of the trough [4].   

However, we argue that the relative thinness of the 
Banded Terrain actually indicates that deposition 
within troughs is insignificant.  The diffuse Banded 
Terrain often appear to be translucent, exposing under-
lying fine-scale layers upon PWF trough walls that are 
continuous with their EWF Layered Terrain counter-
parts [4].  But deposition of a millimeter-thick layer 
should be more than sufficient to alter surface albedo 
and obscure the trough wall [7].  If we conservatively 
assume that the average thickness of the Banded Ter-
rain is a full meter, then given that most present-day 
NPLD troughs likely formed about 4 Ma, the implied 
net deposition rate is only 0.25 microns per year—or 
about three orders of magnitude less than the MAWD-
derived net NPLD sublimation rate of 0.19 mm/yr [1]. 

Undulations: The bright Smooth Terrain, which 
corresponds to the water ice surface of the North Per-
manent Cap (NPC), gradually transitions into the Lay-
ered Terrain (Fig. 1a), which is why the NPC is widely 
presumed to simply represent the uppermost layer of 
the North PLD [8].  Although the Smooth Terrain of-
ten appears to be featureless in summertime images 
(Fig. 1b), springtime observations such as Fig. 1c that 
highlight topography (due to the ubiquity of the sea-
sonal CO2 frost cap) reveal the presence of gentle 
wave-like undulations [4].  These shallow undulations 
typically have a vertical amplitude of 10-100 m, and 
are most prominent parallel to the equatorward (i.e., 
southern) edge of North PLD troughs [6].   
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In the context of trough migration, the undulations 
are theorized to be “scars” representing the former 
positions of trough floors undergoing poleward retreat 
[4].  The main difficulty with this theory is that the 
troughs are currently substantially deeper than the un-
dulations; hence, some mechanism must have in-
creased the depth of the troughs while preserving the 
shallowness of the undulations, which given their 
proximity seems unlikely [6].  Alternatively, the undu-
lations were formerly much deeper and have subse-
quently experienced massive infill.  But the rate of 
trough deposition implied by the thin PWF Banded 
Terrain layers is much too low to raise deep trough 
floors by several hundred meters on Myr time scales.   

However, our finite element simulations of North 
PLD troughs demonstrate that viscous relaxation can 
produce such rapid trough floor uplift, particularly at 
high obliquities [1].  Furthermore, our modeling indi-
cates that troughs that have attained “closure” (defined 
for convenience as the time when d < 200 m) still re-
tain a distinct V-shape which is similar in appearance 

to the gentle trough-like morphology of undulations 
[6]. 

Therefore, we propose that undulations within the 
Smooth Terrain represent relict paleo-troughs that 
have experienced closure via viscous relaxation.  Simi-
larly, the slope asymmetry of present-day North PLD 
troughs is concordant with differential flow rates re-
sulting from intra-trough thermal variations, which 
could either result from the expected slope dependence 
of surface temperature or from the generally lower 
albedo of EWF Layered Terrain relative to PWF 
Banded Terrain [1].  Thus we conclude that viscous 
relaxation is the resurfacing mechanism most consis-
tent with both the stratigraphy and topography of 
NPLD troughs. 

Scarp Evolution:  Much like troughs, North PLD 
scarps exhibit a strong correlation between maximum 
slope and total depth, which is consistent with the pre-
dicted depth dependence of viscous relaxation.  Our 
finite element modeling also indicates that the initial 
slope sensitivity of viscous relaxation can account for 
the presence of numerous extremely steep PLD scarps 

 

Figure 1 North PLD Trough Stratigraphy.  MOC images (a) E01-01092: 87.0°N, 264.4°W, resolu-
tion = 13.0 m/pixel, size = 3.34 × 36.3 km, Ls = 118°; (b) E01-01093: 87.4°N, 265.8°W, resolution = 
274 m/pixel, size = 133 × 113 km, Ls = 118°; (c) M18-00805: 86.7°N, 282.4°W, resolution = 272 
m/pixel, size = 133 × 114 km, Ls = 35°. Context for part (a) shown in part (b). 
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with surface slopes much greater than α = 40° [9].  An 
alternative mechanism for oversteepening of scarps is 
eolian erosion of a basal layer [4,6].  The validity of 
these theories can be assessed by examining the strati-
graphy of steep North PLD scarps, two of which are 
shown in the high-resolution MOC images of Fig. 2. 

Scarp Stratigraphy has been divided [4,9] into 
three main units: (1) the Steep Scarp itself, which is 
often arcuate in shape and like EWF trough walls is 
comprised of finely Layered Terrain; (2) the Platy Unit 
located at the base of the scarp, which appears to con-
sist of irregularly jumbled layers; and (3) nearby Dune 
Fields, which are often located in the vicinity of PLD 
scarps, whence they are most likely derived.  One 
widespread interpretation of Fig. 2a is that the appar-
ent formation of dunes from the Platy Unit leads to 
“creation of steep scarps as the sand is removed and 
the upper unit is undermined” [10]. 

However, we have two major objections to this 
conclusion.  First of all, it is difficult to envision how 
scarp slopes so much greater than the angle of repose 
(α >> 35°) can be stable in the presence of extensive 
eolian erosion [6].  Secondly, the basal undermining 

hypothesis requires that the lower unit is less resistant 
to erosion than the overlying scarp; yet as seen in Fig. 
2b, Platy Units generally extend outward by as much 
as a km from the base of the upper layers [9].  Thus 
Platy Units are clearly more resistant to erosion than 
the layered terrain of the Steep Scarps, which appear to 
have undergone extensive lateral retreat, most likely 
due to sublimation of water ice.  

Basal Conditions: The presence of the basal Platy 
Units may also explain why the Steep Scarps appear to 
remain frozen at their base, which is an essential re-
quirement for the long-term steepening predicted by 
our finite element scarp simulations [1].  For if the 
Platy Units are significantly rougher than the overlying 
scarps (as consistent with their apparent corrugation: 
Fig. 2a), then lateral advance of the scarp via basal 
sliding will be inhibited, particularly at the low subsur-
face temperatures characteristic of the NPLD.  Of 
course, collapse of the overlying scarps may still oc-
cur, but the lack of observed taluses—either upon the 
Platy Units or just off the NPLD—at the α ~ 35° angle 
of repose for unconsolidated material suggests that 
such collapse has not occurred.  (Indeed, the presence 

 

Figure 2 North PLD Scarp Stratigraphy.  Portions of MOC NA images (a) E01-01773: 83.6°N, 
242.0°W, resolution = 4.9 m/pixel; and (b) E02-01503: 85.4°N, 173.6°W, resolution = 3.2 m/pixel. 

 

Sixth International Conference on Mars (2003) 3084.pdf



of dramatically steeper slopes is consistent with the α 
> 60° angle of repose measured for snow avalanches 
composed of fresh crystalline water ice.) 

Therefore, we propose that viscous relaxation is the 
most likely mechanism of steep scarp formation, as our 
finite element simulations yield maximum surface 
slopes well above the angle of repose for a variety of 
initial conditions [1].  Since subsurface flow also best 
explains the correlation of PLD scarp slope with depth, 
we conclude that viscous relaxation is consistent with 
both the stratigraphy and topography of NPLD scarps.   

Recent NPLD Evolution:  Almost all models of 
recent NPLD evolution presume that the EWF Layered 
Terrain (Fig. 1a) is actively sublimating, since its un-
obscured fine-scale layering clearly indicates a lack of 
present-day accumulation [4], and because the slope 
dependence of sublimation favors EWF trough walls at 
the current obliquity [1].  However, the relative impor-
tance of sublimation and condensation upon other 
units is more contentious.  

The uniformitarian evolutionary hypothesis as-
sumes that water ice sublimed from EWF Layered 
Terrain continually condenses upon both opposing 
PWF Banded Terrain and adjacent flat-lying Smooth 
Terrain, a pattern that results in the steady poleward 
migration of the trough [4].  The evidence for deposi-
tion upon the Banded Terrain mainly consists of that 
unit’s characteristically wide and diffuse layers [4]—
although as discussed above, the magnitude of such 
deposition is limited by the apparent thinness of these 
bands.  As for the Smooth Terrain, analogy with ter-
restrial glaciers suggests that the bright whitish hue of 
this unit is indicative of accumulation, in contrast to 
the ablation implied by the darker Layered Terrain 
[11].   

However, this simple albedo-based argument is 
stratigraphically inconsistent.  For even though the 
PWF Banded Terrain is more favored for condensation 
than the flat-lying Smooth Terrain, the Banded Terrain 
generally has an albedo intermediate between that of 
the dark Layered Terrain and the bright Smooth Ter-
rain (Fig. 1a).  In other words, if the Smooth Terrain 
has a high albedo because it is accumulating fresh wa-
ter ice, then why isn’t the Banded Terrain at least as 
bright?  

Therefore, we argue that the inter-trough Smooth 
Terrain is undergoing net sublimation, along with the 
EWF Layered Terrain.  Moreover, the obliquity de-
pendence of sublimation suggests that the PWF 
Banded Terrain may also be ablating.  For example, 
our sublimation modeling predicts that the θ = 26.2° 
summertime sublimation rate from a nominal αε = -
3.1° NPLD surface (corresponding to the mean slope 
of PWF trough walls) is Enet = 0.43 mm/yr, which is 

slightly greater than the present obliquity (θ = 25.2°) 
Enet = 0.42 mm/yr calculated for a nominal αε = 5.4° 
NPLD surface (characteristic of the mean slope of 
EWF trough walls).  These results imply that opposing 
trough walls are in different sublimation/condensation 
regimes for a relatively narrow obliquity window (the 
actual width of which depends upon the uncertain or-
bital modulation of wintertime H2O recondensation).  
Hence we suspect that the diffuse bands observed 
upon PWF trough walls result from deposition at lower 
obliquities, and that over the probable 3-5 Myr life-
times of North PLD troughs, the PWF Banded Terrain 
undergoes net sublimation. 

Consequently, we suggest that long-term deposi-
tion of H2O does not occur anywhere in the vicinity of 
troughs.  Instead, we propose that net condensation of 
water ice is restricted to the very center of the North 
PLD (where troughs are absent) via the “vacuum ef-
fect” associated with repeated H2O recondensation 
within the retreating seasonal CO2 cap.  However, this 
scenario of widespread ablation throughout the outer 
NPLD and focused accumulation within the inner 
NPLD raises long-term stability concerns, since the 
MAWD-derived average North PLD sublimation rate 
of Enet = 0.19 mm/yr is fast enough to transfer a Z = 1 
km thick layer from the outer to the inner NPLD in a 
little over 5 Myr.  Thus in order to prevent massive 
thickening near the pole, some process must be redis-
tributing material back to the margins. 

Our modeling implies that glacial flow is the most 
likely mechanism of maintaining mass balance within 
the North PLD.  For not only do our sublimation cal-
culations indicate that the NPLD is divided into abla-
tion and accumulation zones (much like terrestrial gla-
ciers), but our finite element relaxation modeling 
clearly demonstrates that the PLD consist of deform-
able ice—which is a fundamental prerequisite for gla-
cial flow.  Therefore, we conclude that flow processes 
not only control the relaxation history of mid-sized 
features such as troughs and scarps, but also govern 
the large-scale evolution of the entire North PLD. 
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Introduction:  In a regional study of the margin of 

the north polar cap, a field of coniform features was 
observed in the Olympia Planitia region and hypothe-
sized to be a pseudocrater field (Figure 1).  Volcano-
ice features located at the margin of a polar cap has 
great significance for astrobiology.  Such interactions 
could provide potential shallow subsurface habitable 
zones of liquid meltwater, as well as a mechanism for 
transporting a subsurface biota into near-surface envi-
ronments via convecting hydrothermal systems.  Such 
a biota, or prebiotic organic chemistry, could be sub-
sequently cryopreserved in shallow polar ground ice 
formed as such systems cooled and died.  In this study, 
a number of methods were employed to test the pseu-
docrater hypothesis, including feature profiling (using 
MOLA data), geomorphic measurements (e.g. crater 
diameter/ cone diameter ratios), nearest neighbor 
analysis, and comparisons to potential terrestrial ana-
logs.  Candidate analog terrestrial landforms studied 
included Icelandic pseudocraters, cinder cones, shield 
volcanoes, maar craters, pingos, and hummocky mo-
raine.  Comparisons were also made with martian ram-
part craters, and features previously interpreted as mar-
tian pseudocraters. 

Description of Knobby Terrain:  On the margin 
of the remnant ice cap of the north pole, centered at 
approximately 75°N latitude, 216°W longitude, lies a 
region of partially ice-covered hummocky terrain.  The 
knobby topography covers an extensive region mar-
ginal to the remnant north polar cap and extending 
south to ~70° N latitude.  Portions of this knobby ter-
rain are visible in Viking image 063B21 (Figure 1).  
The knobs have very low relief, although central cra-
ters are present at the summits of many of the larger 
features.  The knobs sit on pedestal-like surfaces that 
are raised above the surrounding polar plains.  Eleva-
tion measurements made using a Digital Elevation 
Model (DEM) (constructed from MOLA data) indicate 
that the bases of the knobs are raised on average, 5-10 
m above the surrounding terrain.  Associated linear 
features may be fissure-ridges. 

As previously mentioned, the knobs appear to be 
roughly coniform in nature, many of the larger forms 
having summit craters of circular to elliptical form.  
Poor resolution may account for the seeming absence 
of central craters in the smaller knobs. 

Resolution played an important role in the interpre-
tations of the features.  In general, the enhanced reso-
lution (~58 m/pixel) of the Viking image for the area 

proved more helpful than the DEM, which had a spa-
tial resolution of ~230 m/pixel. 

Comparisons with Analog Landforms:  A num-
ber of volcanic, as well as cold climate landforms, 
were proposed as potential analogs for the field of 
coniform features at the study site.  Methods for the 
analysis of these features were adapted from previous 
authors [1-4].  A brief overview of the analysis of the 
observed coniform features and comparisons with po-
tential analog landforms follows. 

Rampart craters.  Figure 2 compares MOLA pro-
files of two rampart craters present on the nearby 
northern plains of Mars near the study site, with a pro-
file of Meteor Crater (a small terrestrial impact crater), 
and the knobby features at the study site.  There are 
clear profile differences observed between each of 
these features.  A nearest neighbor analysis of the 
knobby features yielded a random distribution ex-
pected for impact craters, but the geomorphology of 
these features, as noted above, suggests a different 
origin. 

Volcanoes.  The random distribution pattern for the 
knobby features, established through nearest neighbor 
analysis, is consistent with a volcanic origin, as there is 
no reason, a priori, to assume that the conduits from a 
magma body should organize themselves in a system-
atic (non-random) pattern.  In MOLA profiles, slopes 
of the knobby features range from 0.01 to 0.02.  Com-
parable terrestrial low shield volcanoes, such as Sand-
fell volcano in Iceland, have similar slopes.  However, 
the average crater diameter/cone diameter ratio for the 
knobby features is 0.39, which is most similar to the 
value for terrestrial cinder cones (~0.40) and not shield 
volcanoes (0.06-0.12) [1].  Indeed, a comparison of the 
Martian knobby features with a variety of terrestrial 
volcanic constructs (including spatter cones, cinder 
cones, pseudocraters, maars, and shield volcanoes) and 
small coniform features on the Moon [1], showed that, 
in general, the features compare most closely to terres-
trial maar craters and cinder cones.  We note that fea-
tures in the region of the northern plains in close prox-
imity to the polar cap were previously compared to 
terrestrial shield volcanoes [2].  However, without a 
detailed knowledge of the scaling factors used to cor-
rect terrestrial features for differences in martian grav-
ity, it was not possible in the present study to repro-
duce those analysis methods in this work.  It is noted 
that the reduced martian gravity and atmospheric den-
sity has a substantial effect on the morphometry of 
martian pyroclastic cones [1].  All other factors being 
equal, the lower gravity and atmospheric density of 
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Mars produce pyroclastic eruption features that are 
wider and lower in relief than their terrestrial counter-
parts [3,5]. 

The crater diameter/cone diameter ratio of the coni-
form features is ~0.40-0.60.  These values overlap 
with values for both terrestrial pyroclastic features [1], 
and martian rampart craters.  Hence it seems clear that 
this ratio cannot be regarded as diagnostic.  While 
some of the knobby features observed in Figure 1 are 
similar to terrestrial cinder cones, further modeling is 
needed to understand the differences between terres-
trial cinder cone profiles and those for cones formed 
under the low gravity and thin atmospheric conditions 
of Mars.  Furthermore, similar knobby features were 
observed over a vast area, stretching from the margin 
of the remnant ice cap, extending south to ~70° N lati-
tude.  This distribution pattern is hard to explain with a 
volcanic hypothesis. 

Maar craters.  Almost half of the data points for 
the coniform features observed at the study site com-
pared well with terrestrial maar craters [1].  Slopes of 
some terrestrial maar craters measured on DEMs 
ranged from 0.012 to 0.053; however, diameters over 
this range of slopes varied widely from a few hundred 
meters to over six kilometers.  Maar crater morpholo-
gies could be expected to have an even broader mor-
phological range on Mars, due to the effects of lower 
gravity and thinner atmosphere on the trajectory of 
material excavated by the explosion, as well as the 
depth of point source phreatic explosions.  Therefore, 
even though the profiles of the knobby features ob-
served in the study site (Figure 1) do not show good 
agreement with terrestrial maar crater profiles, this 
interpretation is difficult to rule out a priori.  Again, as 
with the volcano hypothesis previously discussed, a 
maar crater hypothesis is hard to justify, given the 
broad distribution of the knobby features over the 
northern plains. 

Pseudocraters.  Pseudocraters are rootless pyro-
clastic cones formed where lava flows over wet or icy 
ground, triggering phreatic eruptions that produce 
fields of small scoria cones on the surface of a lava 
flow.  Many authors have postulated these features to 
be terrestrial analogs for landforms observed on Mars 
[3-7].  A variety of pseudocrater types have been de-
scribed in Iceland, adjacent to inland lakes and on gla-
cial outwash plains.  The morphologies of pseudocra-
ters are thought to depend on the abundance of water 
during their formation [5].  Many authors have used 
the crater diameter/cone diameter ratio to identify po-
tential martian pseudocraters [1, 3-5].  We used size-
frequency histograms to compare the knobby features 
observed at Olympia Planitia (this study), with martian 
and terrestrial pseudocraters identified by previous 
authors [3-5].  Wood’s [1] average value for the crater 

diameter/cone diameter ratio for terrestrial pseudocra-
ters (0.42) is slightly higher than the average value 
measured for the features observed in this work 
(~0.39).  In addition, no data points for the knobby 
features in the present study fell within the range for 
terrestrial pseudocraters reported by previous authors 
[3, 4].  However, a significant overlap was observed 
with previously reported martian pseudocraters [4] 
(see Figure 3).  Specifically, we note that the smallest 
features observed in the present study area are larger 
than any pseudocraters identified by Greeley and 
Fagents [3] (Figure 3).  At the other end of the distri-
bution, features in the study region with diameters 
larger than the Martian pseudocraters proposed by 
Frey and Jarosewich [4] (see Figure 3) were re-
interpreted in the present study, to be rampart craters 
(see feature profiles 21 and 22, Figure 2).  While ex-
amples of pseudocraters as large as the knob-like fea-
tures observed in the Olympia Planitia study site have 
not been reported in the previous literature, authors 
have demonstrated that the reduced gravity and atmos-
pheric density on Mars could produce martian pseudo-
craters many times larger than terrestrial pseudocraters 
(although lower in relief) [3, 5].  (Similar arguments 
were made previously for cinder cones).  Furthermore, 
it has been shown that, compared with Earth, far less 
ice is needed on Mars to create terrestrial-sized pseu-
docraters [3,5].  Hence, it may be inferred that in the 
north polar region of Mars, where ice is abundant, 
pseudocraters could grow to much larger proportions 
than achievable on Earth. 

Pseudocraters develop on the surface of a single 
lava flow as it cools, and their distribution pattern is 
governed by heat loss.  Hence, pseudocraters and re-
lated features (e.g. tumuli on ash flows) may be ex-
pected to have a somewhat uniform, to systematically 
varying distribution, and not the random pattern ob-
served in a nearest neighbor analysis of the knobby 
features in the present study.  And similar to conclu-
sions for a cinder cone or maar crater origins, the 
broad distribution of the features, along the remnant 
ice cap margin, extending over a broad region of the 
northern plains, is hard to explain by a pseudocrater 
hypothesis.  We therefore dismiss the pseudocrater 
hypothesis as problematic. 

Pingos.  Pingos are terrestrial landforms that form 
in cold climates where a freezing front advances on a 
talik (an unfrozen lens of water existing in perma-
frost), forcing the water upward and deforming the 
overlying bedrock into a dome-like feature.  Pingos 
have a conical to elliptical form, often with a central 
crater-like depression.  Pingos were rejected as a pos-
sible analog for the features observed at the study site 
because they are unlikely to exceed 1 km in diameter, 
even under martian conditions (S. D. Gurney, Univer-
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sity of Reading, personal communication, 2002).  
However, should a dense eutectic brine be substituted 
for pure water on Mars, it might be possible to create 
large pingos (> 1 km in diameter), similar to those 
found in the study area [8, 9].  Terrestrial pingos in 
open aquifer systems often form in clusters [10].  
However, a new pingo is more likely to form in the 
footprint of an older, collapsing pingo, creating over-
lapping features.  This process results in features quite 
different from the coniform features observed in our 
study area [10].  Furthermore, terrestrial pingos are not 
known to exist in dense groupings as numerous and as 
extensive as the knob-like features observed in the 
study area (S. D. Gurney, University of Reading, per-
sonal communication, 2002).  Lastly, pingos often 
display radial cracking, with fractures extending from 
their central depression to the outer flanks of the cone.  
Radial cracking was not observed in any of the knob-
like features observed at the study site, nor was such a 
pattern evident in MOLA data, although that may be 
beyond the limits of detectability with those data.  As 
with terrestrial pseudocraters, terrestrial pingos are too 
small to appear on topographic maps, so that compara-
ble feature profiles were unavailable.  However, even 
if the knob-like features observed at the study site are 
pingos, direct, same-scale comparisons with terrestrial 
pingo profiles, may be irrelevant because the processes 
necessary to form such large pingos do not exist on 
Earth.  Although the knob-like features observed at the 
Olympia Planitia study site are not interpreted to be 
pingos, these features are of interest to astrobiology 
because they form where subsurface liquid water rises 
to the surface and freezes. 

Hummocky moraine.  On Earth, ice loading along 
stagnant glacial margins has been postulated to deform 
fine-grained till into hummocks, depressions, and 
ridges [11, 12].  These subglacial till deformation fea-
tures, called “hummocky moraine,” are prevalent along 
the border of Canada with the United States, where 
they formed along the margin of the Laurentide Ice 
Sheet during the Pleistocene [e.g. 11, 12].  Hummocky 
moraine covers vast areas, occurring in broad belts 
tens of kilometers wide [12].  Hummocks are typically 
1-50 m high, 25-300 m wide, and have slopes ranging 
from 1°-25° [13].  They are often closely spaced, al-
though their distribution is chaotic [11, 12].  Previous 
models to explain the origin of hummocks emphasized 
a supraglacial origin.  However, hummocks have been 
found to contain cores of fine-grained till [11-14].  
Therefore, recent work postulates a subglacial pressing 
mechanism based on the liquefaction of tillites during 
glacial loading [11, 12].  Ice-loading and deformation 
of subglacial till can produce a wide variety of hum-
mocky forms, including both flat-topped mounds and 
mounds with central depressions (also known as 

doughnuts).  The subglacial processes responsible for 
forming hummocky moraine involve partial liquefac-
tion of the underlying till during glacial stagnation and 
recession.  Such features may apparently also form 
during basal melting of a glacier [12], or erosionally 
during catastrophic, jökulhlaup-type glacial outflood 
events [13, 14].  The morphometry of hummocky mo-
raine shows good agreement with the knobby features 
observed at the Olympia Planitia study site.  Mound-
shaped hummocky moraine can occur in a wide variety 
of sizes and morphologies, but are typically low-relief 
coniform features.  Hummocks within the same region 
may or may not have a central depression.  The 
mounds comprising hummocky moraine have a ran-
dom distribution, and extend over broad regions, gen-
erally parallel to glacial margins of formerly glaciated 
terrains.  Thus, a hummocky moraine interpretation 
satisfactorily explains the wide distribution of similar 
knobby features present on the northern plains of 
Mars.  As argued for pingos, the replacement of pure 
liquid water by dense eutectic brines on Mars [8, 9] 
may produce features much larger than those created 
on Earth.  In any case, subglacial, water-rich environ-
ments are of great interest to astrobiology.  Because 
hummocky moraine forms along glacial margins dur-
ing recessional intervals, the hummocky features ob-
served in the study area are probably younger than 
similar features located further south and therefore 
would be more likely to preserve subsurface zones of 
liquid water.  And if the knob-like features observed in 
this study are hummocky moraine features, their pre-
sent distribution reveals the former extent of the mar-
tian north polar cap. 

Conclusions: Almost certainly, the region of study 
includes a mixture of geomorphic features, having 
several different origins.  Some knobs may even be 
polygenetic, having been initiated by impact cratering 
or volcanic events and subsequently modified by gla-
cial ice.  For most of the knobby features observed at 
the Olympia Planitia study site, however, a hummocky 
moraine hypothesis is preferred.  This explanation ac-
counts for not only the morphology of the landforms, 
but also their distribution as well.  Specifically, the 
hummocky moraine hypothesis provides a satisfactory 
explanation for the existence of similar landforms at 
lower latitudes, and is consistent with the recent sug-
gestion of large amounts of ground ice persisting at 
lower latitudes during periods of higher obliquity at 
Mars [e.g. 15-17]. 

Astrobiological Significance:  Within the study 
area, habitable environments of subsurface liquid wa-
ter could have been created in a variety of ways, in-
cluding the following: shallow hydrothermal systems 
associated with pseudocraters, deeper hydrothermal 
systems associated with centralized volcanic eruptions 
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and impact craters, upwelling of shallow groundwater 
during pingo formation, and subglacial melting associ-
ated with the formation of hummocky moraine.  All of 
these processes provide effective ways for creating: 1) 
shallow subsurface zones of liquid water and 2) 
mechanisms for transporting a subsurface biology near 
surface environment cryosphere, where it could be 
sequestered and cryopreserved in ground ice.  For 
these reasons, the region encompassed by the study 
site at Olympia Planitia is considered an important 
astrobiological target for future landed missions. 
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Figure 1: Viking image 063B21, in polar stereo-
graphic projection, overlain on the hill-shaded DEM.  
This image shows that some of the knob-like features 
sit on elevated platforms or pedestals.  The white line 

denotes the edge of the lobe of material upon which 
three knob-like features sit.  Point elevation values 
were compared on either side of this boundary and 
showed an elevation difference of ~10 m. 
 

 
Figure 2: Profiles of 22 of the knob-like features observed in 
Viking image 063B21.  Profiles of two northern plains ram-
part craters and Meteor Crater (a terrestrial impact crater) are 
also included for comparative purposes.  Features 22, 21, and 
8 appear to be in relatively good agreement with the rampart 
craters.  No martian feature sampled here seems to corre-
spond to the terrestrial impact crater, although ejecta trajec-
tories on Mars would produce broader and lower relief fea-
tures due to lower gravity and thinner atmosphere.  VE = 
13.8. 
 

 
Figure 3: Histograms of crater diameter/Cone diame-
ter (a-c) compare the knob-like features observed in 
Viking image 063B21 and pseudocraters identified by 
previous authors (b&c).  (c) Histogram comparing 
proposed martian pseudocraters with Icelandic pseu-
docraters from Greeley and Fagents (2001).  (d) Histo-
gram showing the overlap in size between the knob-
like features in Viking image 063B21 and the martian 
pseudocraters proposed by Frey and Jarosewich 
(1982).  Note also the lack of overlap between the 
063B21 features and either the martian or terrestrial 
pseudocraters identified by Greeley and Fagents 
(2001). 
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Introduction:  Howard [1] has argued that the ar-

cuate ridges of debris at or near the base of pole-facing 
crater walls at intermediate southern latitudes on Mars 
are analogous to terrestrial protalus ramparts, and that 
they formed at the margins of volatile-rich deposits 
mantling the crater walls.  The presence of multiple 
generations of relatively undeformed ramparts on cra-
ter floors (Figure 1) suggests the advection of a rigid 
surface layer over deep deposits that fill the crater and 
are undergoing ductile deformation.  Comparison of 
the cross-sections of these craters with those of fresh 
craters indicates the presence of several hundred me-
ters of deposits, and MOLA profiles show that the 
crater floors slope in the apparent flow direction.   

The observation that there is some regularity to the 
spacing of the ramparts (Figure 1) suggests that they 
formed in response to quasi-periodic climate changes.  
We use measured crater floor slopes and spatial rela-
tionships of ramparts, inferred fill deposit thicknesses, 
and ice flow laws to estimate the elapsed time between 
rampart formation events. 

Flow model:  We assume that ramparts are ad-
vected across crater floors by internal deformation of 
water ice-rich deposits filling the craters.  By measur-
ing the spacing between ramparts and estimating the 
surface velocity of the crater fill deposits, we can cal-
culate the time elapsed between the creation of ram-
parts.  The vertical velocity gradient -du/dz  in a body 
of ice deforming under its own weight is given by the 
shear strain rate 

( ) n
GTRQA τγ /exp −=&   (1) 

where A and n are constants, Q is the activation energy 
for ice creep, RG is the ideal gas constant (8.3143 J 
mol-1 K-1), T is temperature and τ is shear stress.  
Equation (1) describes the temperature-dependent, 
non-Newtonian rheology of ice, and is supported by 
many field and laboratory observations [2].  The driv-
ing shear stress is supplied by the horizontal compo-
nent of the pressure gradient in the ice, 

αρτ singz=    (2) 

in which g is gravitational acceleration (3.72 m s-2), ρ 
is the bulk density of the ice-rich deposits, and α is the 
surface slope (in this case, the slope of the crater 
floor). 

Substituting (2) into (1), integrating from h, the 
thickness of the crater fill deposit, to z, and evaluating 
the resulting expression at z = 0 gives the surface ve-
locity of the ice.  We must also account for the flow 
effects of the rock fraction of the crater fill deposits.  
Since only the ice within the fill deposits deforms, the 
bulk strain rate, and hence the surface velocity, must 
be reduced by a factor of (1-φ), where φ is the volume 
fraction of particulates.  Experiments by Durham et al. 
[3] at ~50 Mpa show that volume fractions of silicate 
particulates above 10% increase the steady-state 
strength of ice by an amount that is greater than this 
expected geometric effect; however, it is not clear that 
the same behavior would occur at the low stresses 
found in thin bodies of ice. 

 
Figure 1. Detail of MOC image E0200485. Section of a cra-
ter floor showing multiple sets of relict ramparts that have 
been advected toward the southern wall of the crater. The 
apparent right-lateral fault (F) suggests brittle deformation of 
a rigid surface layer underlain by deforming deposits. 
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The values of A, n and Q depend on the mechanism 
of ice deformation, which varies with the magnitude of 
the driving stress.  Laboratory experiments by Goldsby 
and Kohlstedt [4] show that, at τ ~ 100 kPa, sliding 
along grain boundaries (n = 1.8) dominates over dislo-
cation creep.  Following Nye [5], extrapolating the 
flow law of Goldsby and Kohlstedt to a grain size of 1 
mm gives A = 4.6 × 10-9 Pa-n s-1 and Q = 49 kJ mol-1.  
Other values adopted are φ = 0.3, ρice = 920 kg m-3 and 
ρrock = 2800 kg m-3.  We assume a constant, uniform 
temperature throughout the ice; the effect of the ther-
mal gradient is negligible for a deposit thickness of 
only a few hundred meters. 

Periodic rampart formation: We measured the 
spacing between rampart crests in MOC images of 
seven craters with multiple, well-defined sets of ram-
parts.  We then used MOLA profiles to measure the N-
S slope of the crater floor and compared the crater pro-
files with the characteristic shape of fresh craters to 
estimate the central thickness of crater fill deposits [6].  
Because fill thickness decreases toward the wall of the 
crater, we use half the central thickness as a represen-
tative value of h for each crater.  Figure 2 shows the 
dependence of surface flow velocity on h for the 
measured range of crater floor slopes. 

Dividing the mean rampart spacing by the surface 
velocity, we obtained an estimate of the time elapsed 
between rampart creation events for each crater.  Table 
1 lists our measured values and the estimated time 
scales for temperatures ranging from 190K to 220K.  
For a given temperature, the different craters yield 
times that are generally of the same order of magni-
tude.  The sensitivity of ice viscosity to temperature 
makes it difficult to settle on a single time scale, but 
for the 30-degree range in Table 1, our estimates sug-
gest that rampart formation events are relatively fre-
quent, separated by at least 100 kyr and possibly as 
much as 30 Myr.  The time scales for major variations 
in orbital parameters such as obliquity and precession 

fall at the lower end of this range [7].  If ramparts have 
been advected across crater floors by the flow of ice-
rich crater fill deposits, they may record the timing of 
particularly large, orbitally-driven climatic events.     

References: [1] Howard, A.D. (2003) LPSC 
XXXIV, Abstract #1065. [2] Paterson, W.S.B (1994), 
The Physics of Glaciers. [3] Durham, W.B, S.H. Kirby 
and L.A. Stern (1992) JGR, 102, 16283-16302. [4] 
Goldsby, D.L. and D.L. Kohlstedt (1997) Scripta Ma-
terialia, 37, 1399-1406. [5] Nye, J.F. (2000) J. Glac., 
46, 438-444. [6] Garvin, J.B. et al. (2002) LPSC 
XXXIII, Abstract #1255. [7] Ward, W.R. (1992) in 
Mars, ed. H.H. Kiefer et al., 298-320. 

Time between rampart formation (kyr) W Longitude/ 
S Latitude 

Crater floor 
slope (º) 

Deposit 
thickness (m) 

Number of 
ramparts 

Rampart spacing (m) 
(mean ± s.e.) T=190K T=205K T=220K 

157.57 / 39.65 2.17 479 3 342 ± 10 4057 419 59 
166.25 / 39.06 2.72 270 2 259 ±   6 10257 1060 149 
155.59 / 40.54 2.98 192 9 376 ± 13 32533 3362 474 
171.92 / 42.79 0.51 488 8 161 ±   4 24712 2554 360 
194.95 / 35.55 2.61 332 2 286 ± 22 6826 705 99 
158.93 / 39.16 0.65 337 5 291 ± 10 80579 8328 1173 
162.05 / 43.29 2.67 205 4 361 ± 23 31786 3285 463 
 
Table 1. Estimated time scale between rampart formation events for temperatures ranging from 190K to 220K 
 
 
 
 

 
Figure 2. Predicted surface flow velocity of crater floor de-
posits as a function of crater fill deposit thickness with T = 
200K. Curves for crater floor slopes from 0.5º to 3º are 
shown. 
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Introduction:  The Noachian era on Mars is dis-

tinguished by the development of the Tharsis rise and 
the widespread creation of terrain types that likely re-
quired the involvement of running water.  Here we 
review both aspects as well as possible interrelation-
ships between Tharsis evolution and global geomor-
phic signals of fluvial activity. 

Origin and Evolution of Tharsis:  Following the 
development of the global crustal dichotomy, the tec-
tonic and volcanic history of Noachian Mars was 
dominated by the development of the Tharsis rise.  The 
construction of Tharsis was largely complete by the 
end of the Noachian [1, 2, 3] and upwards of 3×108 
km3 of magmatic material may have been involved [1], 
equivalent to a global average thickness of 2 km. The 
volatiles associated with Tharsis magmas may have 
perturbed the climate in a significant way.  Tharsis 
deformed the global lithospheric shell and induced 
major fault structures across the western hemisphere.  
The global warping of the lithosphere strongly influ-
enced the orientations of many subsequent valley net-
works. 

There have been a number of competing models for 
the origin of the Tharsis rise.  Models employing a 
plume origin of Tharsis were proposed early [4, 5].  A 
long-standing issue with such models is the difficulty 
of numerically creating a single large plume (or two, if 
Elysium is considered).  A single-plume structure 
might be generated in conjunction with the spinel to 
post-spinel endothermic phase change deep in the man-
tle [6,7], although the existence of a pressure suffi-
ciently high for the phase change is questionable.  

The major alternative to a plume model proposes 
that Tharsis is a region of weak (thin) lithosphere early 
in martian history, favoring localization of intrusive 
and extrusive magmatism [8].  Conceptually, heating 
associated with magmatism maintains a thin lithosphere 
in this passive model.  Compensation of the load is 
isostatic early in Tharsis history, and flexural later due 
to thickening of the lithosphere.  

Both types of models require buoyant uplift of the 
lithosphere, as does a third type of model that requires 
a low-density melt residuum in the upper mantle [9].  
The passive model must maintain a hot, thus positively 
buoyant, upper mantle in order to maintain a thin litho-
sphere. Evidence for uplift is provided by circumferen-

tial graben in the Claritas Fossae region, first noted in 
[9], and supported by analyses [10] of more recent tec-
tonic mapping [11]. 

Evidence for a mantle buoyant component in the 
creation of Tharsis might be found in a residual posi-
tive buoyancy in the present-day interior structure.  
Buoyancy structures due to plumes presently do not 
contribute more than 10% to the Tharsis geoid when 
considering the viscoelastic rheology of the mantle 
[12].  The consideration of simultaneous top (litho-
spheric) loading  and bottom (mantle buoyancy) load-
ing when constrained by the degrees 2 and 3 geoid-to-
topography ratios indicates that a thermal plume could 
account for < 15% of the geoid and < 25% of the to-
pography [13].  This then does not rule out a mantle 
plume (or more generally a mantle buoyant) contribu-
tion to the origin of Tharsis, but indicates that presently 
lithospheric loading, presumably by igneous masses, 
accounts for the majority of the geoid and topography.  
Further, pervasive Noachian tectonic structures can be 
explained by lithospheric loading models using the 
present-day high-fidelity geoid and topography fields 
obtained by MGS [2].  This indicates that the types and 
distributions of the loads have changed little since the 
end of the Noachian, i.e., any plume component was no 
longer dominant by then.  The simplest explanation for 
the orientation and structural type of the majority of 
tectonic features in the western hemisphere remains 
that of flexural/membrane loading of a thin elastic 
spherical shell [2]. However, dike emplacement could 
have had an important influence on tectonic fabric [14, 
15]. 

Recent analysis of magnetic field data indicates 
crustal anomalies high on the Tharsis rise, with the 
strongest anomalies associated with Noachian terrain 
and lesser anomalies associated with younger volcanic 
areas [10].  The Hesperian and Amazonian volcanics 
on Tharsis are a thin veneer (< a few km)  covering a 
Noachian substrate [1], so it is likely the magnetic 
anomalies there are also Noachian in origin.  There are 
two possibilities for the origin of the high-elevation 
magnetic anomalies: (i) Magnetic anomalies in uplifted 
Noachian basement survived, which is plausible [16].  
(ii) The magnetization was acquired as Tharsis magmas 
themselves cooled through the Curie temperature, and 
this magnetization subsequently survived erasure by 
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later igneous activity.  We note that it is possible that 
the uplift inferred structurally at Tharsis could have 
taken place merely by crustal thickening due to igneous 
intrusion, regardless of the nature of the origin of upper 
mantle buoyancy. 

Thus, with the aid of MGS data, we can draw rea-
sonably firm conclusions that (i) There is a strong ig-
neous constructional component to Tharsis that was 
nearly complete by the end of the Noachian, though 
lesser volcanism in the Hesperian and Amazonian indi-
cates the continued presence of a warm, though dimin-
ished mantle source. (ii) An upper mantle buoyancy 
anomaly existed beneath Tharsis as it was forming.  
This anomaly had a large thermal component, which 
was responsible for extensive partial melting that cre-
ated the bulk of the Tharsis melts.  (iii) It is not possi-
ble at this time to assign the relative proportions of 
active and passive components to this buoyancy. 

Noachian Fluvial Geomorphology:  The forma-
tion of ubiquitous valley networks and extensive ero-
sion during periods in the Noachian has led to the idea 
that fluvial erosion was an important process on Noa-
chian Mars [17].  However, the occurrence of olivine, 
highly weatherable in the presence of water, and the 
lack of any significant accumulations of carbonates at 
the surface [18] argues against long-standing bodies of 
water during Noachian times.  Additionally, climate 
models cannot produce, to the community’s overall 
satisfaction, clement conditions for Noachian Mars [19, 
20].   

Recent analyses of MGS data show that valley net-
work geomorphology is much more Earth-like than 
previously thought in terms of stream order and density 
[21].  Figure 1 shows an example region in Arabia 
Terra, where the valley system is 6th order and the 
drainage density is 6.5×10-2 km-1.  Measured at roughly 
the same resolution, this drainage density approaches 
the low end of terrestrial values [22].  Moreover, many 
of the valleys reach up to drainage divides. 

MGS and earlier data sets provide information on 
widespread Noachian erosion [23, 24, 25].  Docu-
mented in the Tharsis trough [1] from the Margaritifer 
Sinus region to northwestern Arabia Terra is a dramatic 
late Noachian denudation of the landscape that left 
behind inliers containing valleys predating the denuda-
tion [25] (Figure 2).  It is estimated that ~5×106 km3 of 
material was stripped away, and water is the most 
likely agent of erosion.  Earlier erosion events, chiefly 
documented by crater degradation [23], indicate that 
erosion was an on-going, though possibly episodic, 
phenomenon throughout much of the Noachian. 

Geomorphic indications that sapping was a domi-
nant process in valley network formation does not ob-

viate the need for precipitation, particularly as valleys 
extend to drainage divides. Infiltration of highly per-
meable near-surface stratigraphy and recharging of 
ground water systems may have enabled long-term 
sapping [26, 27].  

 
Figure 1.  Valley networks (yellow segments) mapped 
in Arabia Terra using a combination of the MOC wide 
angle global image mosaic and MOLA elevation data 
[21].  Blue segments show valley networks mapped 
earlier using Viking images [37]. 

 
Figure 2.  Combined Viking imagery and MOLA ele-
vations in the Margaritifer Sinus region show relation-
ships between undissected Noachian inliers (Nr), por-
tions of the inliers that were dissected by middle to late 
Noachian valley networks (Nd), and a depositional unit 
derived from erosion of older Noachian terrain (Ns). 
The erosional event stripped and/or buried valleys.  
From [25]. 
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Noachian Climate:  Given the difficulty of creat-
ing models that produce a sustained warm and wet 
Noachian period, there are additional possibilities that 
might explain the formation of valley networks, wide-
spread erosion, and the development of extensive lay-
ered deposits, some of which may have an aqueous 
origin [28].  Water is the most likely agent to produce 
both valley formation and substantial erosion.  Tem-
peratures could have been sub-freezing and precipita-
tion in the form of snowfall, with subsequent basal 
melting percolating downwards into the ground.  This 
process may operate in the current martian climate 
[29], but with less vigor.    

It is also possible that there were episodic perturba-
tions to the Noachian climate that created, for short 
periods of geological time, conditions favorable for 
rainfall or snowfall.  Basin-forming impacts may have 
increased surface and interior temperatures signifi-
cantly, delivered large quantities of water vapor to the 
atmosphere, and provided a transient climate favorable 
for valley formation and erosion [20].  However, valley 
network formation and widespread erosional events 
occur to the end of the Noachian (and beyond), past the 
formation dates of the largest impact basins.  This 
model would have to fashion similar conditions with 
relatively numerous but less energetic impact events. 

Episodic volcanism is another possible mechanism 
for perturbing the climate, as recognized for Earth [30].  
The construction of Tharsis can deliver substantial 
quantities of water and CO2 to the atmosphere. A 
global equivalent layer of 120 m of water and a 1.5 bar 
CO2 atmosphere have been estimated [1], and prelimi-
nary modeling has explored the climatic implications 
of Tharsis outgassing [31].  We have little information 
on the level of episodicity of Tharsis construction.  The 
rate at which volatiles were supplied to the atmosphere 
versus the rate at which they were removed [e.g., by 
carbonate deposition (little observed), solar wind strip-
ping, thermal escape, and impact erosion] would dic-
tate the role of Tharsis in perturbing the climate suffi-
ciently to carve valley networks and foster widespread 
erosion events. 

Noachian Evolution:  Early Noachian tectonic 
evolution was dominated by the development of the 
crustal dichotomy and formation of major impact ba-
sins.  Subsequently, the construction of Tharsis domi-
nated Noachian volcanic and tectonic processes.  The 
main features of Noachian volatile and climate evolu-
tion have been summarized in [32].  Climate was con-
trolled by the volatile history, which involved competi-
tion between sources (primordial, comet/asteroid deliv-
ery, and volcanism) and sinks, as mentioned above.  
The magnetic field played a crucial role in protecting 
the atmosphere from the solar wind loss processes of 

pick-up-ion sputtering and hydrodynamic collisions.  
Thus, understanding the history of the magnetic field 
[33] is crucial for understanding the climate history.  

It is clear that by the end of the Noachian, the bulk 
of the valley networks had formed and the erosion rate 
was steeply declining [17]. Isotopic evidence in mar-
tian meteorite ALH84001 suggests that the atmosphere 
was largely unfractionated near the end of the Noa-
chian [34, 35].  The geologic and isotopic information 
taken together suggests a relatively rapid loss of at-
mosphere as Mars entered the Hesperian era.  Loss of a 
global magnetic field has been an attractive mecha-
nism, but when the global field declined is a continuing 
matter of contentious debate. 

Figure 3 is a diagram meant to place, in a relative 
temporal relationship, major events in the Noachian 
(and later).  Most of the entities are discussed in this 
abstract and/or in [32].  Some of the major basins are 
shown; noteworthy is the Ares basin, which may have 
formed while a global field was still active [36], as 
evidenced by the presence of strong magnetic anoma-
lies within the basin proper.  The time span in the early 
Noachian between the formation of the Ares and Aci-
dalia basins may mark the major decay period of a 
global field.  This is difficult to reconcile with a sub-
stantial atmosphere existing until the end of the Noa-
chian unless it was protected by regional remanent 
magnetic fields [32].  This may provide more weight to 
the argument that Tharsis, constructed almost exclu-
sively during the Noachian [1], was at least partially 
responsible for maintaining the atmosphere through the 
release of large amounts of volatiles. 

In summary, on Noachian Mars there was a strong 
interplay among geodynamic, atmospheric and geo-
logic processes.  Tharsis is largely a constructional 
phenomenon, although its origins can be traced to a 
warm, buoyant mantle in the western hemisphere.  Val-
ley networks and widespread Noachian erosion imply 
strongly that there were significant precipitation events, 
frozen and/or liquid, in the Noachian, even if the val-
leys formed dominantly by groundwater sapping.  If 
temperatures never rose above freezing, there must 
have been a water supply available to produce suffi-
cient snow to carve the valleys and denude the land-
scape.  Some of this water may have been recirculated 
in the crust back to the atmosphere.  Precipitation may 
have occurred in short bursts associated with major 
impact or Tharsis magmatic events.  Lack of olivine 
weathering points to this as well as to generally sub-
freezing temperatures.  Whatever conditions led to 
precipitation ceased to exist near the end of the Noa-
chian; leading suspects are the loss of a global mag-
netic field and the waning of Tharsis magmatism.   

Sixth International Conference on Mars (2003) 3021.pdf



References: [1] ] Phillips R. J. et al. (2001) Sci-
ence, 291, 2587.  [2] Banerdt W. B. and Golombek M. 
P. (2000) LPS XXXI, Abstract #2038.  [3] Anderson R. 
C. et al. (2001) J. Geophys. Res., 106, 20,563.  [4] 
Hartmann W. K. (1973) Icarus, 19, 3943.  [5] Carr M. 
H. (1974) J. Geophys. Res., 79, 20,563.  [6] Harder H. 
and Christensen U. (1996) Nature, 380, 507.  [7] 
Harder, H. (2000) Geophys. Res. Lett., 27, 301.  [8] 
Solomon S. C. and Head J. W. (1982) J. Geophys. 
Res., 87, 9755.  [9] Phillips R. J. et al. (1990) J. Geo-
phys. Res., 90, 5089.  [10] Johnson C. L. and Phillips 
R. J. (2003) LPS XXXIV, Abstract # 1360.  [11] Dohm 
J. M. et al., (1997), LPS XXVIII, Abstract # 1642.  [12] 
Zhong S. (2002) J. Geophys. Res., 107, doi:10.1029/ 
2001JE001589.  [13] Zhong S. and Roberts J. T. 
(2003) , Earth Planet. Sci. Lett., submitted.  [14] Mège 
D. and Masson P. (1996) Planet. Space Sci., 44, 1499.  
[15] McKenzie D. and Nimmo F. (1999) Nature, 397, 
231.  [16] Johnson C. L. and Phillips R. J. (2003), this 
conference.  [17] Carr M. H. (1996) Water on Mars, 
Oxford Univ. Press, New York.  [18] Christensen P. R. 
et al. (2001) J. Geophys. Res., 106, 23,823.  [19] 
Mischna M. A. (2000) Icarus, 145, 546.  [20] Segura 

T. L. et al. (2002) Science, 298, 1977.  [21] Hynek B. 
M. and Phillips R. J. (2003) Geology, submitted.  [22] 
Carr M. H. and Chuang F. C. (1997) J. Geophys. Res., 
102, 9145.  [23] Craddock  R. A. and Maxwell T. A. 
(1993) J. Geophys. Res., 98, 3453.  [24] Craddock R. 
A. and Howard A. D. (2002)  J. Geophys. Res., 107, 
doi:10.1029/2001JE001505, 2002.  [25] Hynek B. M. 
and Phillips R. J. (2001) Geology, 29, 407.  [26] Carr 
M. H. and Malin M. C. (2000) Icarus, 146, 366.  [27] 
Carr M. H. (2002) J. Geophys. Res., 107, 
doi:10.1029/2002JE001845.  [28] Malin M. C. and 
Edgett K. S. (2000), Science, 290, 1927.  [29] Chris-
tensen P. R. (2003) Nature, 422, 45.  [30] Sigurdsson 
H. (1990) In Global catastrophes in Earth history, 
GSA Special Paper 247, 99.  [31] Bullock M. A. et al. 
(2001) Eos. Trans. AGU, 82 (47), Fall Meet. Suppl., 
Abs., F708. [32] Jakosky B. M. and Phillips R. J. 
(2001) Nature, 412, 237. [33] Stevenson, D. J. (2001) 
Nature, 412, 214.  [34] Marti K. and Mathew  K. J. 
(2000), Geophys. Res. Lett., 27, 1463.  [35] Mathew K. 
J. and Marti K. (2001) J. Geophys. Res., 106, 1401.  
[36] Frey H. V. (2003) LPS XXXIV, Abstract # 1838.  
[37] Carr M. H. (1995) J. Geophys. Res., 100, 7479. 

 
 

E. Noachian M. Noach. L. Noach. Hesperian & Younger

Heavy Bombardment

(Erodes Atmosphere)

Sputtering, Hydrodynamic Collisions

(Removes Atmosphere, τ = 500 Myr + ?)

3.6 Ga3.8 Ga3.9 Ga

4.5 Ga

Hartmann - Neukum timescale

(Some) Stable Crust N & Ar isotopes in ALH84001 imply

atmosphere ~unfractionated at 3.9 Ga

 [Marti & Mathew, 2000]ALH84001 Forms

Form Valley Networks
?

Form Outflow Channels

Form  Tharsis
?

[Frey, 2003]

Form Crustal Dichotomy
? ?

4.6 Ga

Global Magnetic Field

(Protects Atmosphere)
?

Erosional Events

??? Deposit Carbonates ???

(Removes Atmosphere)
????

Form:  Ares  Utopia Hellas Argyre
Impact Basins

?

 
Figure 3.  Major events and their interrelationships in the Noachian (and later).  Diagram is intended as a thought 
tool and is thus subject to constant revision.  The time axis is definitely not linear.  τ is the characteristic timescale 
for atmospheric removal by solar wind processes. 
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Introduction: Polygonal terrain (see Fig. 1) is a 

reliable indication of subsurface water ice [1,2]. 
Following the discovery of exposed water ice on the 
south polar layered deposits [3] we searched for and 
mapped occurrences of polygonal terrain. Occurrences 
of polygons were found in regions interpreted to have 
exposed water ice at the surface. 

Mapping: We report on the extension of this 
mapping to cover the rest of the south polar region. We 
discuss the possibility of using the distribution of 
polygonal landforms as a prediction of where exposed 
water ice will be expected to be found in the upcoming 
southern summer.  This years observations will be 
much more complete than last years. 

 

 
Figure 1. Subframe of M09/05958 showing typical 

polygons. Frame is 3km across. 
 
Roughness: Polygonal areas are well correlated 

with smooth areas. We will report on correlations 
between roughness (measured by rms slope) and 
concentration of polygonal features. 

 

 
 
Figure 2. Background is roughness map (rms slope 

on 1km baselines) where purple is smooth and brown 
rough. Overlain is THEMIS IR frame I00910002 
which was used to demonstrate exposed water ice at 
roughly 10° E. 

 
The exposed water ice unit [3] spans a larger 

roughness range. The connections between exposed 
water ice, polygonal landforms and surface roughness 
will be discussed in more detail. 
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Introduction:  We have begun a systematic, com-
bined modeling and observation effort to correlate
Martian impact structures – craters and their regional
aftermaths – to the impactors, impact processes and
target geologies responsible.  When the cratering proc-
ess is modeled in 3D, so that azimuthal heterogeneity
is accommodated, one can seek best-fits to regional or
even global distributions of radial fractures, crater rays
and secondary streamers.

We are pursuing this cratering work on two fronts,
(1) using automated feature extraction techniques to
identify the extensive impact-related features on Mars,
and (2) leveraging these impact features through im-
pact modeling (using the 3D SPH and SAGE hydro-
codes) to tell us about the specific target response to
impact, and hence Martian geology.

We are motivated to do this because the Mars data
set is now rich with well-characterized impact features,
many of them recent and detailed, and because azi-
muthal asymmetry in cratering has never been ade-
quately modeled in this context.  The asymmetry of
crater ejecta (rays and secondary streamers) is proba-
bly related to the asymmetry of ejecta from cata-
strophic disruption events in asteroid disruption1, a
subject which also suggests that the delivery of mete-
orites from the surface of Mars may be easier to under-
stand in 3D than in 2D.

Impact Structures: Keys to the subsurface geol-
ogy of every cratered body can be found in the study of
its impact structures. But interpretations of the crater-
ing process on planets are diverse, and Mars is no ex-
ception.  For example, there exists no consensus
among crater geologists and modelers on the process
of crater rebound.  Despite decades of intensive re-
search in this area, we must confess to a broad igno-
rance regarding how large craters form. The hypothesis
of panspermia2 – that planets can swap rocks via im-
pact ejection and perhaps exchange the seeds of life –
is supported by the SNC meteorites, but the process by
which these rocks were ejected from Mars remains
controversial3,4 Vickery5 first attempted to use crater
secondaries (around Copernicus on the Moon, Lyot on
Mars, and others) as “witness plates” of the size-
velocity distribution of ejecta from a crater, since sec-
ondary distance from primary easily relates (on an air-
less body) to ejection velocity, and secondary diameter
relates to ejecta fragment diameter.  Asphaug1 made
use of this work to calibrate impact hydrocodes in a
planetary setting, and used it to explain ejection of V-

type asteroids from asteroid 4 Vesta. Vickery5 together
with her undergraduate assistants lost the secondary
craters in the background population beyond a few
crater radii, so that the fast “tail” of ejecta fragments
(those most relevant to panspermia) remained unchar-
acterized.  Bierhaus et al.6 made use of the extraordi-
narily fresh ~26 km diameter impact structure Pwyll
on Europa to characterize ejection patterns at global
distances.  Pwyll’s secondaries were used by Moore,
Asphaug, and others7 to explore whether the crater
formed in an ice shell over liquid water, or in solid ice,
the distal secondaries and rays from Pwyll have yet to
be fully exploited to constrain Europa’s geology.

Mars, especially in the post-THEMIS era, opens up
a treasure trove for planetary impact modelers.  Nota-
bly, impact craters have been discovered on Mars to be
accompanied by associated structures that extend for
many hundreds of kilometers, including detailed ray
patterns and secondary streamers.   The most stunning
example is the fresh crater of the Cerberus plains pre-
sented by McEwen et al. (2003)8.  We are using auto-
mated feature detection software to map the extent and
distribution of such structures by keying to the desired
signature (e.g. ray patterns) in the multispectral
THEMIS imagery.

Automated Feature Detection:
GENIE. Los Alamos National Laboratory’s GENIE

system9 is an innovative machine learning software
package using techniques from the fields of genetic
algorithms10, 11 and genetic programming12 to construct
custom feature extraction algorithms for remotely
sensed imagery13, 14.  It was developed to allow rapid
development of image analysis software tools for mul-
tispectral and hyperspectral imagery in the context of
Earth remote sensing15. GENIE is particularly well
suited to exploratory analysis of multi-wavelength im-
agery for which spatial/textural as well as spectral sig-
natures can help identify features of interest, as well as
analysis of imagery for which there do not yet exist the
detailed atmospheric models needed to turn at-sensor
radiances into at-surface material properties (reflec-
tances and emmissivities).  This is precisely the case
facing scientists carrying out initial analysis of high
resolution THEMIS data.

Both the structure of the feature extraction algo-
rithm, and the parameters of the individual image
processing steps, are learned by the system.  The for-
mat of an algorithm evolved by GENIE is human-
readable code than can be analyzed to understand the
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physical signatures of the feature of interest.  The
evolved algorithms combine spatial and spectral proc-
essing, and the system was designed to enable explo-
ration of spatio-spectral image processing of novel
datasets. This system has been shown to be effective in
detecting complex spatio-spectral terrain features in
multispectral and hyperspectral imagery, and has been
successfully applied to a number of real-world prob-
lems, including analysis and mapping of ash/debris
from the September 11 attack on New York City and
analysis and mapping of the burn scar following the
Los Alamos Cerro Grande wildfire16.

GENIE begins by randomly generating a popula-
tion of candidate image-processing algorithms from a
collection of spectral and spatial/textural image proc-
essing operators, including local neighborhood statis-
tics, texture measures, spectral band-math operations
(e.g. ratios of bands), and gray-scale morphological
filters with various shapes of structuring elements.
Each candidate algorithm consists of a number of these
image-processing operators, which together generate a
vector of processed images in an intermediate, non-
linear feature space.  These are combined using a
Fisher linear discriminant to produce a single gray-
scale result image in which bright pixels indicate the
presence of the feature of interest. This gray-scale re-
sult is converted to a Boolean classification using an
optimal threshold17. The parameters of the Fisher dis-
criminant and threshold are based on training data pro-
vided by the human user via GENIE’s graphical inter-
face.  Our fitness metric for evaluating candidate im-
age-processing algorithms measures the total error rate
(false positives and false negatives) calculated from the
training data. After a fitness value has been assigned to
every candidate algorithm less fit members of the
population are discarded. A new population is gener-
ated by allowing the most fit members of the old
population to reproduce with modification via the
evolutionary operators of mutation and crossover. To
ensure a monotonic increase in fitness the most fit in-
dividual in the current population is kept without
modification (principle of elitism). This process of
fitness evaluation and reproduction with modification
is iterated until the population converges, or some de-
sired level of classification performance is attained, or
some user-specified limit on computational effort is
reached (e.g., a limit on the number of candidate algo-
rithms evaluated). This Boolean threshold on the best
image processing algorithm returned by GENIE may
be adjusted by the user to re-adjust the emphasis of
detection rate (true positives) over false alarms and
missed detections. There is often more than one solu-
tion to a particular feature extraction question, in
which case the results of several different algorithms

trained on the same training data may be combined to
increase detection accuracy and lower false alarm
rates18.

Past Efforts. Past Mars-related GENIE efforts have
focused on crater extraction in panchromatic Mars Or-
biter Camera imagery. GENIE was able to generate
algorithms that detect craters in images it was not
trained on with 94% detection and 2% false alarm rates
compared to a manual crater survey19.

Applications to Impact Modeling. GENIE is an ex-
tremely powerful tool for extracting features from
large numbers of images, and especially for multis-
pectral data, which it can process more readily than a
human analyst. We will use GENIE to explore rela-
tionships between impact related features which are
obvious to a human analyst, and use them to search for
less obvious features, such as crater ray material far-
ther downrange of the impact than is immediately ob-
vious to the analyst.

Hydrocode Modeling: GENIE provides the re-
duced data set to be reproduced with our impact mod-
els.  We are using Smooth Particle Hydrodynamics
(SPH) and the adaptive grid Eulerian hydrocode
known as SAGE, both in 3D, to model the formation
of the best-preserved crater structures on Mars, the
goal being to match not only crater size and shape but
also regional aftermath such as secondary crater fields,
azimuthal asymmetries, and ejecta rays.  Beginning
with simple equations of state (e.g. basalt) and moving
to sophisticated equations of state for candidate Mar-
tian geology (for example saturated versus dry allu-
vium over basalt) we shall establish initial conditions
(target geologies) to be tested for each GENIE-derived
data set.

SAGE and SPH: The SAGE code from Los Alamos
National Laboratory and Science Applications Interna-
tional Corporation is a compressible Eulerian hydro-
dynamics code using continuous adaptive mesh re-
finement (AMR) for following discontinuities with a
fine grid while treating the bulk of the simulation more
coarsely. In previous work20 we have used tabular
equations of state for the atmosphere, water, oceanic
crust, and mantle of Earth.  We are porting to SAGE
the revised ANEOS parameters as well as the sophisti-
cated explicit-fracture treatment developed within the
context of Smooth Particle Hydrodynamics (SPH)21 for
high strain rate fragmentation in planetary impacts.
The two codes are based on very distinct numerical
techniques (Eulerian AMR vs. gridless Lagrangian),
and are therefore of complementary utility, with SAGE
being useful for studying atmospheric interaction and
SPH being better suited – at present, at least – for
studying solid rock fragmentation effects.
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Results:  The first task is to use GENIE to extract
feature signatures of impact, correlated to particular
craters on Mars.  We shall present our progress in this
area, the fundamental goal being a basic set of well-
characterized impact outcomes to be modeled with the
hydrocodes.  By treating each impact structure as a
detailed aftermath – not just a crater diameter, for in-
stance – we open up a new, careful, and detailed study
of the Martian lithosphere and atmosphere.

Figure 1.  From MGS MOC Release No. MOC2-301.22  A
small, unnamed crater (~130 m diameter) is surrounded by a
wealth of geophysical detail which can be exploited by the
SAGE 3D hydrocode.  It is clearly an oblique impact with an
airburst followed by core penetration of the surface – perhaps
a small comet with a rocky core?  Both the structure of the
impactor and the response of the Martian atmosphere can be
modeled with SAGE’s AMR capability.  GENIE will search
for similar levels of detail, generally hidden in visible im-
agery, in the THEMIS data sets, correlated to given impact
craters.  The goal is to produce several complete data sets,
for varying sizes of craters, consisting of the crater itself, and
the distribution of rays and secondaries.
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Introduction: Low albedo regions on Mars are often 
interpreted as outcrops of volcanic rocks. Mineral 
models of the thermal emission spectra obtained by 
TES indicate that the martian dark regions are charac-
terized by basaltic surface material: large fraction of 
feldspar and one high-calcium pyroxene [1]. The data 
from the IR spectrometer ISM onboard Phobos-2 show 
that the composition of these layers is rich in pyroxenes 
and contains a significant signature of hydratation [2]. 
A systematic comparison of TES and ISM data sug-
gests that variations in the vis-NIR observations could 
be controlled by dust or other thermally neutral materi-
als [3]. The purpose of this work is to revisit the sur-
face composition of dark regions by modeling ISM 
spectra representative of dark regions with a radiative 
transfer theory and taking in account new high resolu-
tion images which give a new view of the surface tex-
ture of these regions. Syrtis Major and dark spots in-
side chasmata of Valles Marineris are of particular 
interest. Even if it is important to remember that the 
different observational techniques (visible, NIR and 
thermal) are sensitive to different characteristics of the 
martian surface, the understanding of discrepancies of 
the compositional analysis from different measure-
ments and the nature of low albedo layers is essential 
1- to understand their erosional history, and 2- to inter-
pret the IR data of future spectrometers like OMEGA 
and PFS onboard Mars Express. 
Geomorphic analysis: Low albedo regions were usu-
ally interpreted as bedrock despite the fact that fields of 
dark dunes have been observed at Viking images scale. 
The study of MOC high resolution images and 
THEMIS IR data show that the proportion of bedrock 
in these low albedo regions is small. First, in Valles 
Marineris, many dark areas correspond to dark sand 
sheets [4]. These area are typically smooth and devoid 
of craters at MOC scale (Fig. 1). They have the thermal 
response of sandy materials on THEMIS IR images. 
On the other hand, MOC images of Syrtis Major shows 
a surface texture different of volcanic bedrock (Fig. 2). 
No lava flows are observed and large craters are par-
tially filled by smooth material. Furthermore, there are 
few small craters showing the occurrence of a process 
of resurfacing in recent times, less than ten million 
years ago. Only progressive dust deposition and eolian 
filling can explain such youthful smooth mantling, 
similar to that observed in regions like Arabia Terra for 
bright dust. Such filling is observed in most locations 
West of the two pateras, so in the very low albedo re-
gion. THEMIS data confirm that material at surface 

has mainly the thermal response of silt-sand size grains 
but not of bedrock, except on the pateras. Thus the low 
albedo regions, in which we can look for the composi-
tion using ISM data, are correlated with dark sand 
dunes, sand sheets and eolian dust mantling but not 
obviously bedrock. Dust is usually bright material but 
dark silt, maybe in a bit coarser particles compared to 
bright dust, has been proposed to exist in the past from 
both spectroscopic or geomorphic analysis [5,6]. Its 
existence is still controversial and the composition of 
such dark silt able to be transported in suspension in 
the atmosphere is questionable.  

 
Fig. 1: MOC images (width: 2 km) of sand sheet inside 
dark region on the floor of West Ganges Chasma. Note 
smooth wave typical of sandy material. 
 
Spectral data: The data used are from the PDS ar-
chive on www ias fr cdp Base ISM INDEX HTM . 
Two ISM windows (Aurorae and Syrtis-Isidis) were 
used in this study. The basic approach is to extract the 
spectra with albedo (with aerosols scattering and 
photometric corrections) lower than 15%. This selec-
tion (about 700 spectra for each window) should cover 
most of the terrains studied previously with the MGM 
method [2]. The spectra are characterized by 1- and 2-
micron absorptions and gray/slightly red slope between 
0.8 and 2.5 microns. 
Choice of the scattering model: We choose to use the 
Shkuratov radiative transfer theory for fitting the spec-
tra [7]. This geometrical optics model based on the slab 
approximation for calculating the albedo of a particle 
has been compared to other scattering models [8] and 
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tested with laboratory mineral mixtures [9]. 
 
 

Fig. 2: MOC image of West Syrtis Major. Smooth tex-
ture with few craters and no lava flows visible. 
 
Choice of the optical constants and end-members: 
We select the surface composition of each spectrum by 
trying to satisfy the following spectral characteristics: 
low albedo, shape and depth of 1- and 2-micron ab-
sorptions and spectral slope. Low- and high-calcium 
pyroxenes were obviously included in the scattering 
calculations. Spectrally featureless low albedo compo-
nent in near-infrared to lower the average spectral re-
flectance is also required. Oxides such as magnetite 
display this neutral opaque behavior. Hematite (ferric 
oxide) was also considered because of its low albedo 
and its 0.85 micron absorption. Other minerals such as 
common amphiboles, obsidians and phyllosilicates 
were included in some scattering calculations. How-
ever, the presence of such minerals is unlikely because 
they present prominent OH- and H20- features with 
only a very few amount (5%) as shown in Fig. 3. Other 
common minerals with weaker absorptions such as 
feldspar and olivine were considered. The optical con-
stants of endmembers were calculated from endmem-
ber reflectance spectra extracted of the RELAB library 
by following the procedure described in [9]. 
Choice of the type of surface and results: Three 
types of surface are investigated: dust (mixture of par-
ticles of size << wavelength), sand (intimate mixture of 
particles of size >> wavelength), dust/sand mixture. 

The optimization of abundances and grain sizes of 
endmembers is done by a downhill simplex technique.  
 

Fig. 3: (top): Three synthetic spectra of an intimate 
mixture of one obsidian, two pyroxenes and a dark 
component (here magnetite). The size of coarse parti-
cles for each components indicated. The concentration 
of obsidian is 20%, 5% and 0%. (bottom): Same except 
for obsidian replaced by amphibole. 
 
The dust mixture fails to reproduce the spectra (Fig. 4). 
The spectra are well reproduced by a mixture of coarse 
particles pyroxenes / hematite / magnetite / olivine / 
feldspar. However, the very large proportion (> 50%) 
of hematite and magnetite coarse particles (size of sev-
eral hundred microns) necessary for achieving the low 
albedo would have been detected by TES observations 
[1]. The best fits of the 0.8-2.5 micron spectra are ob-
tained with a mixture of five components: a four com-
ponent intimate mixture of two pyroxenes, olivine, and 
hematite mixed with a large proportion of dusty grains 
of hematite and magnetite (55%). We outline that both 
low- and high-calcium pyroxenes are required in 
agreement with [2]. The presence of large quantity of 
feldspar is very unlikely because this mineral is quite 
bright in the near-infrared. By contrast, the calculated 
large fraction of dust is in favor of a surface dust-
coated rather than rock outcrops. Fig. 5 shows the dis-
tribution of the mixing ratios of the five components 
for low albedo regions located in the eastern part of 
Valles Marineris. The low dispersions suggest that 
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most units are similar in composition, hidden by ho-
mogenized surface materials, or some combination of 
Fig. 4: A representative low albedo spectrum (thick 
line) and three synthetic spectra made of seven-
component dust (dotted-dashed line), seven-component 
intimate mixture(dashed line), and four-component 
mixture mixed with dust(thick red line). The 
data/model ratio allows a rapid qualitative assessment 
of the accuracy of the fits. The value of the RMS for 
the sand/dust mixture is indicated. 

both. Even if further modeling need to be done, no 
significant difference of composition between the two 
studied ISM windows (Aurorae and Syrtis) were found 
so far. Also, the disconnect between ISM and TES 
observation modeling may result from the fact that NIR 
data are much more sensitive to thin coatings than 
thermal IR data, so that TES data may not detect large 
amounts of oxyde mineral dust. 
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(2002), AGU P51C-07. [4] Mangold et al. (2003) 
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(1993) JGR, 98, 3413-3429. [6] Edgett and Malin 
(2000) JGR, 105, 1623-1650. [7] Shkuratov et al. 
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Introduction: Epithermal neutron data acquired by
Mars Odyssey have been analyzed to determine global
maps of water-equivalent hydrogen abundance [1].  By
assuming that hydrogen was distributed uniformly
with depth within the surface, a map of minimum wa-
ter abundance was obtained.  The addition of thermal
neutrons to this analysis could provide information
needed to determine water stratigraphy.  For example,
thermal and epithermal neutrons have been used to-
gether to determine the depth and abundance of water-
equivalent hydrogen of a buried layer in the south po-
lar region [2,3].

Because the emission of thermal neutrons from the
Martian surface is sensitive to absorption by elements
other than hydrogen, analysis of stratigraphy requires
that the abundance of these elements be known.  For
example, recently published studies of the south polar
region [2,3] assumed that the Mars Pathfinder mean
soil composition is representative of the regional soil
composition.  This assumption is partially motivated
by the fact that Mars appears to have a well-mixed
global dust cover and that the Pathfinder soil composi-
tion is representative of the mean composition of the
Martian surface [4].

In this study, we have analyzed thermal and epi-
thermal neutron data measured by the neutron spec-
trometer subsystem of the gamma ray spectrometer to
determine the spatial distribution of the composition of
elements other than hydrogen.  We have restricted our
analysis to mid-latitude regions for which we have
corrected the neutron counting data for variations in
atmospheric thickness.

Composition or Stratigraphy?  The emission of epi-
thermal neutrons from Mars is sensitive to hydrogen
abundance and stratigraphy to within about a meter of
the surface. Thermal neutrons are also sensitive to hy-
drogen abundance and stratigraphy; however, because
the cross section for thermal neutron capture is large at
thermal energies, they are also sensitive to the compo-
sition of elements such as Fe and Cl, as well as rare
earth elements, Gd and Sm, which have large absorp-
tion cross sections.  Consequently, thermal and epi-
thermal neutrons cannot be used to independently de-
termine water abundance and stratigraphy when the
composition of major elements other than hydrogen is
unknown.

To illustrate this point and to gain some insight into
whether composition varies in the mid-latitudes, we

analyzed measured neutron count rates for selected
regions in Tharsis.  Epithermal and thermal neutron
count rate maps are shown in Figs. 1 and 2, respec-
tively, for the western hemisphere mid-latitudes (±60°
latitude and -180° to 0° east longitude).  These 2°
quasi-equal-area maps were constructed using data
acquired from the beginning of mapping in late Febru-
ary 2002 (LS=346°) through January 2003 (LS=131°).
The maps have been corrected for variations in atmos-
pheric mass to enable comparison to neutron count
rates calculated for an atmospheric mass of 16 g/cm2

[5].  The thermal and epithermal count rate model that
we used for this study takes into account the ballistic
trajectories of the neutrons and their half life, the ve-
locity and orbit of the spacecraft, and the response
function of the neutron spectrometer.  The model was
calibrated using data acquired near the north pole
when the seasonal CO2 frost was thickest [1].

Three regions of interest are shown on the thermal
neutron map: Region A contains the Tharsis volcanic
shields, including Olympus Mons; Region B contains
Solis Planum; and Region C contains the highlands
surrounding Solis Planum and extends into Valles
Marineris.  A scatter plot of thermal and epithermal
count rates measured within these regions is shown in
Fig. 3. Also shown in Fig. 3 are calculated count rates
for three different surface materials mixed with vari-
able amounts of water-equivalent hydrogen.  The ma-
terials are: Mars Pathfinder mean soil (labeled “Soil”
in Fig. 3) and soil-free rock (labeled “Andesite” in Fig.
3), and shergotty (labeled “Basalt” in Fig. 3) [4,6].

The red curves in Fig. 3 show the variation of count
rate with water abundance for each of the three materi-
als for the case in which the distribution of water is
uniform with depth.  Count rates are shown for water
abundances ranging from 0.5% to 100% for the soil
composition and from 0.5% to 10% for basalt and an-
desite.  The epithermal neutron count rate decreases
with increasing water abundance and is relatively in-
sensitive to other changes in composition.  The thermal
neutron count rate, as indicated by the red curves is
strongly sensitive to material type (soil, andesite, or
basalt) due to variations in major absorbers.

The macroscopic absorption cross section for ther-
mal neutrons was determined to be 11.6 capture units
(1 c.u. = 10-3 cm2/g) for the soil, 9.1 c.u. for andesite,
and 7.9 c.u. for the basalt. Changes in Cl and Fe abun-
dance between the materials account primarily for the
differences in the absorption cross section and the
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simulated count rates.  However, Cl, which has an ab-
sorption cross section that is 13 times that of Fe, domi-
nates the variation in the macroscopic absorption cross
section.  We used a Cl composition of 0.55% by
weight for the soil, 0.32% for the andesite, and 0.01%
for the basalt.

The red curves in Fig. 3 give an upper bound on
thermal neutron count rates for a given material type
(soil, andesite, or basalt). It is possible to achieve
lower count rates by varying the stratigraphy of hydro-
gen. We have modeled cases in which a water-rich
layer is buried beneath relatively dry material.  Such
cases are indicated in Fig. 3 for the soil composition by
dashed lines and symbols.  One set of cases, corre-
sponding to 100% water buried beneath different
amounts of soil containing 1% water, is labeled with
the depth of the buried water-rich layer in g/cm2.  Note
that in the limit, as depth of the water rich layer in-
creases, the count rate approaches that of the dry upper
layer.

The measured thermal count rates for the volcanic
shield region (Region A, shown as red symbols in Fig.
3) exceed the maximum count rate that can be
achieved for Mars Pathfinder soil, as indicated by the
red curve labeled "Soil."  The count rates are more
consistent with the basalt composition. The thermal
neutron count rates in Solis Planum (Region B, shown
as green symbols in Fig. 3) are also more consistent
with basalt than with soil.  The thermal neutron count
rates for the highlands surrounding Solis Planum (Re-
gion C, shown as yellow symbols in Fig. 3) are lower
but still exceed the maximum count rate expected for
Pathfinder soil.  Thermal neutron count rates for the
western hemisphere mid-latitudes (shown as blue
symbols in Fig. 3) extend below the maximum count
rate for Pathfinder soil.  Consequently, some regions
with composition consistent with the soil exist in the
western hemisphere between latitudes ±40°. However,
the regions examined in Tharsis are not consistent with
this composition, probably due to relatively low Cl
abundance associated with volcanic materials. Note
that small variations in Cl abundance can significantly
affect the thermal neutron output because the cross
section for Cl is large.  It is not possible to determine
from thermal and epithermal neutrons alone whether
observed differences in thermal neutron count rate are
due to changes in hydrogen stratigraphy or changes in
the abundance of thermal neutron absorbers.

Maps of Neutron Cross Sections: Feldman et al. [7]
developed and demonstrated methods to determine
bulk neutron transport properties of planetary surfaces
from orbital thermal and epithermal counting data.
Using these methods, we have developed maps of
neutron  scattering  and  absorption  cross  sections  for

Fig. 1. Map of epithermal neutron count rates (counts/s) in
the western hemisphere mid-latitudes (±60° latitude; -180° to
0° east longitude).
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Fig. 2. Map of thermal neutron count rates (counts/s) in the
western hemisphere mid-latitudes (±60° latitude; -180° to 0°
east longitude).  Some regions of interest are shown.
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Fig. 3. Simulated and measured thermal neutron count rates
are shown.  The measured count rates correspond the regions
delineated in Fig. 2. Counting data from Region A is shown
as red symbols; data from Region B is shown as green sym-
bols; data from Region C is shown as yellow symbols; and
data from the western hemisphere between ±40° latitude is
shown as blue symbols.  A description of the simulated count
rates is given in the text.
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the Martian mid-latitudes.  The analysis assumes that
there is no variation in composition (hydrogen or oth-
erwise) with depth.  Epithermal neutrons are used to
determine ξΣs, the product of the mean fractional en-
ergy loss per elastic collision (ξ) and the macroscopic
scattering cross section (Σs).   The ratio of epithermal
to thermal neutrons is used to determine ∆=Σa/ξΣs,
where Σa is the macroscopic absorption cross section
for thermal neutrons.

In order to determine the relationship between the
measured count rates and the neutron transport pa-
rameters, we simulated thermal and epithermal count
rates for 60 different compositions, including soil, ba-
salt and andesite with variable amounts of hydrogen
and Cl.  The materials were selected to span the count
rates observed by the Mars Odyssey neutron spec-
trometer at mid-latitudes. For each composition, we
calculated the transport parameters Σa, ξ, Σs, ξΣs, and
∆.

Using data from all 60 simulated compositions, we
found the following relationship between ξΣs and the
epithermal neutron count rate:

ξΣs =1.5966Cepi
-1.6091. (1)

The correlation coefficient of the regression was found
to be R2=0.9988.  We found the following relationship
between ∆ and the ratio of the epithermal to thermal
count rate:

∆=0.2146(Cepi/Ctherm) - 0.0753, (2)

The correlation coefficient for the regression was
found to be R2=0.9987.  Using Eqs. 1 and 2, we cal-
culated mid-latitude maps of ξΣs and ∆, which are
shown in Figs. 4 and 5, respectively.  A map of Σa ob-
tained by multiplying ξΣs by ∆ is shown in Fig. 6.

Note that the map of ξΣs is very similar to the map
of minimum water abundance developed by Feldman
et al. [1].  The mean fraction energy loss and scattering
cross section are strongly dependent on hydrogen
abundance and are relatively insensitive to other ele-
ments.  The map of Σa is correlated with the map of
ξΣs, which may be partially explained by the fact that
thermal neutron capture by hydrogen is non-negligible.
The microscopic absorption cross section is 0.33
barns.  The correlation coefficient was found to be
R2=0.67.

Using the map of minimum water abundance re-
ported by Feldman et al. [1], we determined the contri-
bution of hydrogen to the macroscopic absorption
cross section of Martian materials at mid-latitudes.
We then subtracted the hydrogen macroscopic cross
section from our map of Σa to determine a map of the

absorption cross section of all elements other than hy-
drogen.  The resulting map, shown in Fig. 7, is similar
to the map of the total absorption cross section shown
in Fig. 6. The correlation between Σa and ξΣs remains
following the subtraction of the contribution from hy-
drogen (R2=0.55).

The correlation of the absorption cross section for
elements other than H with ξΣs, which is directly re-
lated to the abundance of water-equivalent hydrogen,
may indicate past processing of surface materials by
water.  The highest values in the absorption cross sec-
tion occur northward of the dichotomy boundary in
Acidalia Planitia and Utopia Planitia.  These are low-
lands in which standing water may have existed on or
near the surface, possibly resulting in the formation of
Cl-salts.

Conclusions: In this study, we analyzed thermal and
epithermal neutron data to determine whether the
composition of elements other than hydrogen varied
significantly in the Martian mid-latitudes. We mapped
the macroscopic absorption and scattering cross sec-
tions in the mid latitudes assuming there was no varia-
tion of composition with depth.  The absorption cross
section for elements other than hydrogen was found to
be generally correlated with minimum water abun-
dance. This suggests that the absorption cross section
is sensitive to aqueous alteration of surface materials.
The highest values in the absorption cross section oc-
cur northward of the dichotomy boundary in Acidalia
Planitia and Utopia Planitia.  These are lowlands in
which standing water may have existed on or near the
surface, possibly resulting in the formation of Cl-salts.

Comparison of measured count rates from three re-
gions in Tharsis with simulated count rates for differ-
ent materials shows that Tharsis materials are more
consistent with basalt than with the mean Pathfinder
soil composition.  Lower Cl in basaltic materials may
result in elevated thermal neutron count rates in the
volcanic shield region and Solis Planum.

Capture gamma rays from Cl and Fe are detected by
the gamma ray spectrometer. Maps of these elements
with sufficient spatial resolution will be developed
once sufficient counting precision is achieved. The
abundance of Cl and Fe and the stratigraphy of water-
equivalent hydrogen will eventually be determined
through simultaneous analysis of both the neutron and
gamma ray data. The neutron transport parameters we
have mapped can be used to estimate the thermal neu-
tron number density in the surface [8], enabling
gamma ray counting data to be converted accurately
into estimates of elemental abundance.
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Fig. 4. Mid-latitude map of ξΣs. The units are cm2/g.  A
contour of topography at 0 km elevation is superimposed on
the map.

Figure 7 (below). Mid-latitude map of the partial macro-
scopic absorption cross section (the contribution from hy-
drogen is removed).  The units are 10-3 cm2/g.  A contour of
topography at 0 km elevation is superimposed on the map.

Fig. 5. Mid-latitude map of ∆. A contour of topography at 0
km elevation is superimposed on the map.

Fig. 6. Mid-latitude map of the total macroscopic absorption
cross section, Σa.  The units are 10-3 cm2/g. A contour of
topography at 0 km elevation is superimposed on the map.
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Introduction:  Previous analysis of thermal inertia 

and albedo data from the Mars Global Surveyor 
(MGS) Thermal Emission Spectrometer (TES) deline-
ated three major surface thermophysical units [1, 2, 3].  
A fourth unit of low thermal inertia and low-to-
intermediate albedo was found to dominate the region 
poleward of 65ºS [1].  We consider end-member geo-
logical explanations for this unit and conclude that 
reduced density in a relatively course-grained or indu-
rated mantle is favored over theories invoking dark, 
unconsolidated dust.  A mechanism for reducing bulk 
density by ablation of near-surface ground ice is sug-
gested by results from the Mars Odyssey Neutron 
Spectrometer [4] and is supported by other theoretical 
[5] and TES spectral studies [6]. 

Background:  Thermal inertia is the key surface 
property controlling diurnal temperature variations and 
is dependent on particle size, degree of induration, 
rock abundance, and exposure of bedrock within the 
top few centimeters of the subsurface (i.e., the thermal 
skin depth).  It is a measure of the subsurface's ability 
to store heat during the day and to re-radiate it during 
the night.  Thermal inertia is defined as the combina-
tion of bulk thermal conductivity k, bulk density ρ, and 
heat capacity C of the surface layer such that: 

CkI ρ≡ .  (1) 
For granular materials under Mars surface conditions, 
k dominates and is driven by the conductivity of gas in 
pore spaces, but it also depends on ρ [5].  Thus, a large 
change in bulk density may effect a significant change 
in thermal inertia. 

In general, unconsolidated fines (i.e., dust) will 
have low values of thermal inertia, indurated dust 
(duricrust) and sand-sized particles will have interme-
diate values, and rocks and exposed bedrock will have 
high values. In the context of MGS observations, the 
thermal inertia of any given location on the Martian 
surface is generally controlled by a variable mixture of 
such materials on the scale of the TES observations 
(approximately 3 x 6 km). By considering thermal in-
ertia together with other observed surface properties, 
one can gain insight into the physical characteristics of 
the surface and the geological processes which have 
affected it. 

Methodology:  We used global maps of thermal 
inertia and albedo from [2], MOLA elevation, MOC 
images, and Viking MDIM 2.0 and color data in our 
analysis. The thermal inertia map was derived from 

nighttime (approximately 2 AM local time) thermal 
bolometer observations of surface temperature gath-
ered during TES orbits 1583-11254, covering over one 
Mars year (Ls 103º to 360º + 0º to 152º) [2,3].  The 
mapping process employed filters to eliminate obser-
vations from periods of high water-ice-cloud and at-
mospheric-dust opacity and completely excludes orbits 
4199-5410, due to the 1999 global dust storms. Map 
overlays and two-dimensional histograms between the 
various datasets were used to delineate areas with 
common features and to assign mapping units. 

Thermophysical Unit Definition:  Previous analy-
ses [2, 3] of MGS-TES derived thermal inertia identi-
fied three regions of distinct albedo and thermal 
inertia.  These have been interpreted as surfaces domi-
nated by (A) unconsolidated fines; (B) courser-grained 
sediments, rocks, bedrock exposures, and some 
duricrust; and (C) duricrust with some rocks and/or 
bedrock exposures. In Figure 1, we show unit bounda-
ries revised from those defined in [1], wherein the 
thermal inertia-albedo parameter space was further 
subdivided into regions of (D) low thermal inertia and 
low-to-intermediate albedo; (E) very low albedo; (F) 

very high thermal inertia; and (G) very high albedo.  
Figure 2 provides an orthographic map of these units 
centered on the South Pole, showing their areal distri-
bution in the southern hemisphere. Unit D (light blue) 
exhibits distinct low-thermal-inertia boundaries (com-
pare Figure 3), making it unique from surrounding 

Figure 1:  Global correlation between thermal 
inertia and albedo.  Unit letters correspond to 
those in Figure 2. 
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higher thermal inertia Units B (yellow) and C (green). 
Unit D dominates the region south of about 65ºS.   

End-member Hypotheses:  The low thermal iner-
tia values of Unit D, which are similar to those of Unit 
A, are normally considered to be indicative of fine-
grained, unconsolidated materials.  However, the al-
bedo of Unit D, which is comparable to that of Unit B, 
is much lower than that of Unit A.  These observations 
lead to two end-member scenarios.  The first involves 
a reduction in thermal inertia in a material that is oth-
erwise similar to that in Unit B, which can be achieved 
by lowering bulk conductivity.  The second involves a 
reduction of albedo in a material that is otherwise simi-
lar to that in Unit A, either through a compositional 
difference or a darker coating on individual grains.   

Thermal Inertia Reduction:  Unit D may repre-
sent a surface of either indurated fines or courser 
grained materials in which the bulk thermal conductiv-
ity has been lowered.  Laboratory data (Figure 4) show 
a linear dependence of thermal conductivity on density 
with a slope of about 0.0225 W m2 kg-1 K-1 [5].  Using 
Equation (1) and assuming a constant heat capacity, 
we calculate that the observed 2-fold reduction in 
thermal inertia from Unit B to Unit D would require 
about a 2.5-fold reduction in density.  Recent estimates 
of ground ice in the top meter of the Martian surface 
based on data from the Mars Odyssey Neutron Spec-
trometer [4] predict ice content up to 75% by volume 
in the polar regions.  In the upper few centimeters (the 
TES sensing depth), ice is seasonally unstable and is 

expected to ablate.  It is conceivable that such an abla-
tion zone may produce a near surface with greatly ex-
panded pore volume and reduced bulk density.  

A regional analysis of thermal inertia-albedo corre-
lation provides additional support for this thermal iner-
tia reduction scenario.  We generated a series of a 2D 
histogram of thermal inertia and albedo restricted to 
various southern latitudes, and found a single broad 
peak spanning the region between Units B and D (see 
Figure 5).  This peak migrates from Unit B to Unit D 
with increasing southerly restriction of latitudes.  Ad-
ditionally, we examined MOC images from each Unit 
as well as some which extend across the Unit bound-
ary and found a mantled appearance in both regions.  
Images over Unit D showed more polygonal and 
cracked surfaces, whereas those over Unit B were gen-
erally smoother.  However, we have found no abrupt 
morphological changes over the Unit boundaries.  
Taken together, these results suggest that the two units 
may be compositionally related. 

Albedo Reduction:  Alternatively, Unit D may 
represent a surface of fine-grained, unconsolidated 
materials of a composition which is either distinct from 
that in Unit A (implying a distinct source material for 
dust), or the same as that in Unit A but altered by a 
darkening process.  In the first case, the darker mate-
rial might be either a layer which is thermally thin (but 
optically thick; ~few µm) overlying a bright dust simi-
lar to that in Unit A, or a thicker dark layer with simi-
lar thermal properties to that in Unit A.  In the second 

Figure 3:  Thermal inertia map of the southern 
hemisphere of Mars (filled from equator to 
80S).  After Mellon et al (2002).  Compare polar 
low thermal inertia region to Unit D in Figure 2.

Figure 2:  Thermal inertia-albedo unit map of 
the southern hemisphere of Mars (filled from
equator to 80ºS).  Unit letters correspond to
those in Figure 1. 
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case, the individual grains of an initially bright dust 
may be coated by a darker material (presumably by 
some chemical process which is restricted to the south 
polar zone). 

A major problem with these dark dust theories is 
the fact that global dust storms on Mars are expect to 
homogenize unconsolidated fines over years to dec-
ades [7].  It is therefore difficult to maintain a large 
region covered with a darker dust over extended peri-
ods.  However, Viking results [8] show a similar pat-
tern of low thermal inertia in this region, so it is 
unlikely that this is a transient phenomenon.  Also, a 
dust cover index map [6] produced from TES spectra 
indicates that there is little or no unconsolidated dust in 
the region shown as Unit D in Figure 2. 

Summary:  We have identified an unsual region of 
low thermal inertia and low albedo which dominates 
the south polar region of Mars.  While its thermal iner-
tia is consistent with lower resolution data from Viking 
[8], this region differs from the classic low thermal 
inertia regions at mid-latitudes in that the latter are 
characterize by high albedo.  We considered hypothe-
ses to explain this observation, involving either a re-
duction of thermal inertia in Unit B material or a re-
duction of albedo in Unit A material.  Several inde-
pendent lines of evidence support a reduction in ther-
mal inertia obtained by a reduction in bulk density, 
whereas albedo reduction theories encounter problems 
with the homogenization of fines expected to occur 
due to global dust storms. 

The density reduction theory favored here fails to 
explains the lack of a similar phenomenon in the north 
polar region.  The latest Odyssey neutron data [9] 

show even more extensive ground ice in the north than 
in the south, so one might expect a similar process to 
occur there. While the current thermal inertia map ac-
tually shows a zone of high thermal inertia at most 
longitudes northward of 70ºN, this is not in keeping 
with Viking results [10], and these high values are 
believed to be caused by a model or observational arti-
fact and not reflective of the actual surface [2].  Never-
theless, we see no indication of a regional reduction of 
thermal inertia in the north in those regions where the 
data appear to be more reliable.  Further effort to cor-
rect this problem and to fully characterize the north 
polar region may help resolve this issue. 

The concepts discussed here represent end-
members and it is possible that the true cause of this 
phenomenon may have multiple sources.  Furthermore, 
intermediate explanations are not currently distin-
guishable.  For example, smaller reductions in both 
albedo and thermal inertia in Unit C material might 
serve to produce all or part of the results observed in 
Unit D. 

 
References: [1] Putzig et al (2003) LPSC XXXIV.  
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et al (1992) in Mars, Kieffer et al, eds., U. of Az.  [8] 
Paige & Keegan (1994) JGR 99 E12.  [9]  Boynton 
(2003) Verdanasky-Brown Microsymposium 37.  [10] 
Paige et al (1994) JGR 99 E12. 

Figure 5:  Correlation between thermal inertia 
and albedo for the globe (unfilled contours) and 
60ºS to 80ºS (filled contours).  Unit letters as in 
Figures 1 and 2. 

Figure 4:  Thermal conductivity versus bulk
density for 25-30 µm particles at three atom-
spheric pressures.  That corresponding to Mars
surface conditions is highlighted.  From Presley
and Christensen [5]. 
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VALLES MARINERIS LANDSLIDES : MORPHOLOGIES, AGES AND DYNAMICS.
C. Quantin, P.Allemand, C. Delacourt, Laboratoire de Sciences de la Terre, UMR 5570 (UBC Lyon1, CNRS, ENS-
Lyon), Bat Géode, 2 rue Raphael Dubois, 69622 VILLEURBANNE, France, cathy.quantin@univ-lyon1.fr.

Introduction:  Valles Marineris (V.M) is affected
by about 50 landslides. From Viking orbiters images,
they were initially interpreted as large debris flows
occurring during a unique activity period in the early
history of Valles Marineris [1,2]. In contrast to this
interpretation involving water intervention, a second
study has found analogies between Valles Marineris
landslides and dry terrestrial rock avalanches [3]. The
role of fluids in the martian landslide dynamic is not
unanimously admitted yet. A systematic analysis of
geomerty, morphology and chronology of the land-
slides is the key parameter to precise their dynamic.
We then present results of a multidisciplinary study of
Valles Marineris landslides using  images with differ-
ent spatial resolutions (Viking, MOC and THEMIS),
Altimetric Data (MOLA) and dating methods.

Characteristics of Valles Marineris landslides:
The dimensions of landslides measured with MOLA
data are one order in magnitude larger than terrestrial
ones (average size is 36 x 32 km). The mass movement
mobilizes the whole hillslope in opposition with  the
terrestrial landslides which often affect only a part of
the wallslope. The thickness of the landslide deposits
decreases onward from about 2 km at the foot of the
scarp to 100 m at the front of the landslide.
Morphology : 46 landslides have been classified in
three morphologic types from the geometry of the land-
slide deposit : (1) chaotic, (2) structured deposit with-
out debris aprons and (3) structured deposit with debris
aprons. The chaotic type displays a rough deposit
without well identified tectonic structures (Fig.1). The
structured deposit without debris aprons have tectonic
structures at the back of the deposit whereas the front
displays unorganised roughness (Fig.2). The structured
landslides with debris aprons also show well identified
extensive structures at the back of the deposit whereas
the main part of the deposit is constituted  by large
debris aprons (Fig.3). These aprons are 200 m thick
with a lobated shape. On a corresponding DEM
(Fig.4.), a zone of increasing thick material at the toe
of the apron is identified implying fluidization mecha-
nisms [4]. At the toe of this kind of landslide, there are
mostly several debris aprons corresponding possibly
with different pulses during sliding events [1,2]. On the
available M.O.C. images, all debris aprons show lon-
gitudinal ridges resulting from mechanisms of sliding
at high velocity [2,5]. Then, wihtin Valles Marineris
and somethimes within a same deposit it coextists brit-

tle structures suggesting sliding mechanisms and debris
aprons suggesting fluidization mechanisms.

Fig.1. Chaotic type : a) Viking context, b) Topographic
profile (MOLA).

Fig.2. Structured deposit without debris aprons type a)
Part of MOC and THEMIS images mosaic, b) Topo-
graphic profile (MOLA).

Fig.3. Structured deposit with debris aprons type a)
Part of MOC and THEMIS images mosaic, b) Topo-
graphic profile (MOLA).
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Fig.4.: Debris aprons topography a) Viking context, b)
Digital Elevation Model (MOLA), c) Topographic
profile.

A spatial analysis of the repartition of the morphologic
types reveals that the chaotic landslides are mainly
located within narrow canyons like Ius Chasma and in
the enclosed Hebes Chasma. The type with debris
aprons takes place essentially in the widest canyons of
Valles Marineris (Gangis Chasma and on the walls of
the central parts of V.M.). The distribution of the land-
slides type seems to be organized according to the
width of the canyon where they are located.
Mobilities : The mobility of landslides is measured by
the ratio between the vertical drop and the runout of the
landslide. This ratio is directly related to the coefficient
of friction of the material [6]. The mobility of the mar-
tian landslides ranges from 1.8 to 12.7. These large
mobilities are also supported by the low deposit slopes
of Valles Marineris landslides which are lower than 5°.
Long run-out and low deposit slopes involve a fluidi-
zation mechanism or a basal decollement layer. Recent
numerical simulations trying to explain the long run-
out of Martian landslides, indicate that nor Bingham
rheology, nor acoustic fluidization and not even a fric-
tional rheology correspond to Martian landslides [7].
Volume balances :  In 2D,  the overlap of the profile
with and without landslide shows two types of volume
on both sides of the profile crossing : the eroded vol-
ume (EV) for the part before the crossing and the set-
tled volume (SV) for the other part (Fig.5.).

Fig.5. The two types of computed volumes

 These two types of volume were estimated in 3D for
each landslide by DEM substraction between a DEM

covering the landslide zone and a pre-landslide DEM
constructed for each landslide from the topography of
the unslided wallslopes on the both sides of the land-
slide. A part of the settled volume has filled up a part
of the eroded volume at the foot of the scarp. This vol-
ume, that we have called "filling up" is an important
part of the total displaced volume and was added to
both types of volume. With the two types of volume,
volume balances were also computed.

Fig.6. Distribution of the volumes and volume balances
within Valles Marineris. The areas of the circles are
proportional to the settled volumes. Colours gradation
correspond to  increasing classes of material deficit.

The settled volumes range from 50 km3 up to 5000
km3. The eroded volumes range between 60 km3 to
9000 km3. The volume balances display deficits rang-
ing from 5 % for the more equilibrated balances and up
to 70 % for the largest deficits. The landslides with the
largest volume deficits are located in Hebes Chasma.
All the five landslides of this canyon have a material
deficit larger than 50%. Hebes Chasma is an enclosed
canyon where material exportation after the landslide
can not explain this deficit. These deficits could result
from the porosity of the landslide source supporting the
karstic origin hypothesis [8] of this kind of canyon.

Ages of Valles Marineris landslides: Valles
Marineris landslides were dated by Lucchitta [2] from
Viking images. At the spatial resolution of these pic-
tures, only few landslides are affected by impact cra-
tering. All the landslides of V.M. have been dated by a
unique crater count. This crater count assumed that the
landslides were contemporary. The results displayed an
early event in the history of Valles Marineris.

MOC high spatial resolution images covering the
landslide deposits are now available and show a large
range of crater density. For most of V.M. landslides,
several MOC images cover their deposit and allow us
to estimate an age for each landslide. In order to have
some chronological markers, crater counts were also
made on MOC images covering the canyon’s floor near
landslides.

The example presented on Fig.7 is located within
Gangis Chasma. The deposit is at least constituted by
three landslide events with debris aprons. The main
debris apron covers at the East a second underlying
apron probably coming from a previous landslide.
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Crater counts on both debris aprons and on the canyon
floor were realized.

Fig.7. Localisation on a THEMIS images mosaic of the
MOC images used to date the floor of Gangis Chasma,
the underlying debris arpons and the upper debris
aprons of a Gangis Chasma landslide.

The results of crater counts on images covering the
floor follow the isochrones of absolute ages. The dis-
tribution of crater count correspond to an age between
2.5 Gy and 3 Gy (Fig.8). This age means that this re-
gion of Gangis Chasma did not submit to resurfacing
process after the formation of the 2.5 Gy old floor sur-
face.  The distribution of crater count corresponding to
the underlying debris apron also follows the isochrones
implying an age between 1 Gy and 2 Gy (Fig.9).  The
crater count results for the upper debris apron follow
the isochrones giving an age between 10 My and 100
My (Fig.10).

Fig. 8. Result of crater counts on 2 MOC images cov-
ering Gangis Chasma floor. Absolute ages are taken
from Hartmann et al. [9].

Fig. 9. Result of crater counts on 3 MOC images cov-
ering the underlying apron of a Gangis Chasma land-
slide. Absolute ages are taken from Hartmann et al. [9].

Fig. 10. Result of craters count on 5 MOC and
THEMIS images covering the upper apron of a Gangis
Chasma landslide. Absolute ages are taken from Hart-
mann et al. [9].

This chronology of events implies that landslides
correspond to distinct events during time and that the
activity period of these landslides spread out in the
time up to the lower 100 My history of Valles Marin-
eris. These results are in agreement with the dating of
about 40 other landslides of Valles Marineris.  The
triggering mechanisms are  then reproducible during
the time. The seisms induced on Mars by impact cra-
tering or by a continuous tectonic activity wihtin Valles
Marineris are reproducible mechanisms.

Conclusion :  The morphological study reveals that
landslide morphologies display fluidization features
(thin debris aprons, mobilities...). The volume balances
computing on the landslides are always  deficient. It
can be interpreted as large porosities in the landslide
sources. Then, the question of the presence of fluids
filling up a part of the regolite porosity of the landslide
dynamic could be raise. The ages of the landslides
spread out in the time up to recently. These results re-
inforce the hypothesis of seism triggering landslide (by
impact cratering or tectonic activity). This large activ-
ity period during the time also implies that they are
available fluids in the martian regolite  to produce flu-
idization morphologies up to recently.
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THE EFFECT OF CONVECTIVE ADJUSTMENT ON THE GLOBAL CIRCULATION OF MARS AS SIMULATED BY
A GENERAL CIRCULATION MODEL. S. C. R. Rafkin, Dept. of Space Studies, Southwest Research Institute, Boulder CO
80302, USA, (rafkin@boulder.swri.edu).

Many Mars Global Circulation Models (MGCMs) use con-
vective adjustment to simulate the process of subgrid-scale
mixing in the convective boundary layer. Three important un-
derlying assumptions for convective adjustment are: 1) that
the atmosphere instantaneously removes potential energy con-
tained within an unstable stratfied atmosphere; 2) that there
exists an equilibrium between the generation and consumption
of potential energy; and 3) that the kinetic energy generated
due to circulations that remove potential energy may be ne-
glected. These three assumptions are generally reasonable for
global circulation modeling of the terrestrial atmosphere, from
which the Mars modelling community has its roots. However,
there is observational, theoretical, and numerical modeling
evidence that one or more of the assumptions underlying the
convective adjustment process are grievously violated in Mars’
atmosphere.

Vertical redistribution of atmospheric entropy via convec-
tive adjustment will result in a redistribtion of the vertical
pressure gradient. Thus, convective adjustment in adjacent

atmospheric columns will generally result in an altered hori-
zontal pressure gradient. It is the horizontal pressure gradients
that drive the wind. Consequently, it is easy to envision how
convective adjustment might alter the simulated atmospheric
circulation with MGCMs.

Although the underlying assumptions for convective ad-
justment may not be satisfied for MGCMS, it is unclear whether
the convective adjustment process results in spurious or in-
nacurate climate statistics. Convective adjustment has the
beneficial property of helping to keep MGCMs numerically
stable and consistent with the governing hydrostatic dynam-
ical equations. Therefore, if convective adjustment has little
or no effect on the MGCM results, than it might be retained
strictly for numerical purposes.

A set of experiments with convective adjustment on and off
would provide insight into the effects of convective adjustment
within MGCMs. Results from such experiments conducted
with the NASA Ames MGCM are presented.
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Introduction: The most basic type for a small im-
pact crater is a circular bowl depression surrounded by 
an elevated rim and an ejecta blanket with inverse lay-
ering, secondary impact craters and long-reaching thin 
ray deposits. In the case of larger impact craters and 
basins this picture is more complicated by a central 
uplift and internal rings, respectively. The main appear-
ance of the impact craters on the Martian surface de-
pends on the size, mass, velocity, type, and impact an-
gle of the projectile and on the amount of the impact 
energy delivered into the surface bedrock [1]. 

In nature, however, there are hardly any two totally 
identical impact craters or basins. Any deviation from 
the circular or regular crater shape has a reason and, in 
many cases, this reason relates either to the bedrock 
geology or to active geological processes. This fact can 
be utilized in identifying some of the characteristics and 
development phases of the Martian geological envi-
ronment, which has not only interacted in the impact 
event but also influenced in the subsequent impact cra-
ter modification. Every deviation from the regular cra-
ter form is based on a reason, which may also be a geo-
logical one. The best known examples are the rampart 
craters with their characteristic ejecta blanket and high 
or wide central peak which all tell us something of the 
Martian wet or permafrost-rich environment in the past 
[2].This and other impact crater modifications can be 
found to provide crucial information of the local sur-
face geology, bedrock properties and, more generally, 
of the geological evolution phases of the area studied 
[3,4]. 

 
Figure 1. Polygonal craters near Isidis Basin, A. with four straight 
sides THEMIS I00983005, 1,5 km x 1,5 km; B. with hexagonal shape 
THEMIS I01747003, 30 km x 30 km. 
 

Straight crater walls: The bedrock properties have 
resulted in additional effects during the immediate im-
pact event by producing small polygonal impact craters 
(Fig. 1). The linear rim segments are partly controlled 
by the bedrock fractures, lineaments or zones of weak-
nesses because the excavation of the crater progresses 
more easily along a plane of weakness than in other 
directions [i.e. 1,5]. On Mars, there are numerous Bar-

ringer-type simple craters with linear crater rim seg-
ments which, in spite of the huge amount of energy 
released in the impact, indicate bedrock tectonics, espe-
cially if studied systematically [6]. 

In the case of the larger complex craters the share of 
the post-impact rim modifications is far more common 
and also controlled in a more straightforward way by 
the tectonic bedrock properties. The massive rim 
slumpings have a clear tectonic control, which can also 
be studied statistically to infer the fractures in the target 
bedrocks. Collapses of the rim take place along planes 
of weakness in the target [1]. The dominant areal frac-
ture directions can thus be directly measured from the 
orientations of the straight rim segments in complex 
polygonal craters (Fig. 2; [6]). 

 
Figure 2. Percentages of rim strike directions of polygonal craters 
SW from Isidis (2°N-14°S, 272°W-288°W), n=173. 
 

Crater erosion and age: In principle, it is well es-
tablished how relative ages of a series of certain impact 
crater with similar diameters can be defined and util-
ized in estimating geological events and properties 
within limited study areas. At first, all Martian erosion 
processes decrease the observability of individual crater 
details thus slowly destroying the crater itself towards 
and beyond the recognition limit (Fig. 3, from A to D). 
Within a single geological unit the disappearance rate 
can be estimated to be the same for similar-size craters 
and can therefore be used to determine qualitatively the 
effects of various geological processes involved as well 
as the relative ages of the appropriate impact craters 
and their immediate environments.   

 

 
Figure 3. Labou Vallis enters to several impact craters and forms a 
lake chain. The craters have prominently smooth interiors and distinct 
inlet/outlet channels. Notice the gradual disappearance of crater de-
tails (A-D). Fragment of THEMIS I02277010, 32 km x 80 km. 
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It can also be observed how the increasing surface 
age increases the number of visible impact craters and 
thus also the amount of impact erosion within the Mar-
tian highlands. This may lead up to the situation where 
the saturation number of craters is reached with a cer-
tain diameter and the continuing impact flux moves this 
saturation diameter into the direction of larger craters 
along the time. Due to the effective erosional-
sedimentational processes on Mars, only part of this 
saturation can be observed on the highland units where 
it can be further used to estimate the lower limits of the 
effects of various-type erosion rates.   

On the other hand, it is very easy to define the areas 
with a lack of large impact craters or where they are 
totally missing. The diameters of the largest or smallest 
impact craters still possible to be identified as such 
provide us with some important details of the effectiv-
ity - and sometimes also of the type - of the re-
surfacing processes present [7]. 

It is thus critically important to understand the ef-
fects of any really important geological agent in each of 
the different Martian environmental sub-units because 
this environment-depended factor may have strongly 
effected the history of impact craters in a particular 
location [4]. Some of the processes may still effect to 
the present crater modification [cf. 8,9].  

Fluvially modified craters: Many of the studied 
craters found from within the greater Hellas Basin area, 
for example, have undergone substantial fluvial proc-
esses (Fig. 3). If the surviving geological features of the 
studied impact craters are preserved well enough, the 
share of this fluvial erosion-sedimentation cycle in 
modifying the craters can be recognized and utilized in 
studying the water-related history of Mars. In many 
cases we can take an optimistic view of our ability to 
identify traces of fluvial processes because many such 
Martian impact craters are preserved rather well due to 
their relative youth and/or partly due to the relative 
dryness of the more present Mars.  

 
Figure 4. Image shows Reull Vallis cutting through an eroded crater. 
Image is a fragment of THEMIS I01657002, 31 km x 60 km. The 
detail of a sapping side channel is part of V01657003, 6 km x 6 km.  

 

In some cases, the major outflow channels have cut 
across the craters and surface units without any signifi-
cant indication of effects to the crater structures. It can 
be seen how a deep erosion channel curves across the 
eroded low-rim crater with an otherwise smooth inte-
rior (Fig. 4). An interesting detail is seen on the crater 

floor beside the main channel where the numerous 
small sapping-type channels indicate the existence of 
layered interior material and previous ground-liquid 
flows along some interlayer surfaces.   

The abundance of layered units on the crater floors 
can be seen in some MOC and THEMIS-VIS images. 
The etched terraces and deposits reveal parallel hori-
zontal layers (Fig. 3). This kind of layering may have 
been caused by several sedimentation processes but in 
the cases where there are adjoining large-to-medium 
size flow channels flowing into the crater, a realistic 
reason for the observed layering could be the existence 
of flow-related sedimentation. This is particularly obvi-
ous in the cases where there have been several sedi-
ment-feeding channels, smooth crater interior, and an 
additional outflow channel representing the site and 
time when the ponded flow material finally broke its 
way through the lowest or weakest part of the rim after 
a short or a lengthy period of reservoir time (Fig. 3). 
These cases show, that the effectivity and period of 
time of Martian fluvial activity have been large and 
long enough, respectively, for substantial amount of 
sedimentation at least in certain areas. 

 
Figure 5. Delta-like structure at the end of a channel entering impact 
crater through a wide U shape opening in the crater rim east of Man-
gala Valles. Fragment of THEMIS V02540002, 5 km x 8 km. 
 

Slightly closer to the present or within the locations 
with less water activity, there are impact craters with 
smaller eroded rim channels as seen from numerous 
craters locating on the western highlands of the greater 
Hellas area. Their interior slopes have numerous fluvial 
channels varying in length from 10 to a few tens of 
kilometers only. The one-to-a-few kilometer wide 
channels originate either from the upper rim area or 
from the surrounding highlands. The floors of such 
craters display a relative smoothness. This, together 
with the fact that the flows have eroded an amount of 
rim material and moved it downslope, most probably 
indicates the existence of sedimentated flow-related 
floor material representing the period of time of larger 
fluvial activity. In certain places there are later delta- or 
apron-type masses in the channel ends on the top of the 
smoother interior sediments indicating the effects of the 
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later flow units with lesser amount of liquid material 
(Fig. 5).  

Many craters are modified by still more recent flu-
vial processes. Snow or a liquid material have been 
proposed to have been important in deforming layered 
crater rims in certain poleward-looking locations [cf. 
8,9]. Such flow features typically begin from within 
alcove depressions with seasonal snow or source wells, 
resulting in lengthy channel-like down-slope erosion, 
and ending in apron-like cumulation pilings. 

Crater sedimentation: In addition to the erosion 
effects of the channels flowing through the crater, they 
may also deposit material into the craters. This is espe-
cially true when many of the craters described above 
have been temporary water reservoirs during the period 
of time when the inflow has partially filled them and 
before the water level rise has given way to the outflow 
channel formation. Depending on the amount of water 
and erosion and also on the repeated occurrence of the 
inflow involved, this lacustric phase has resulted in 
layered sediments on the crater floor. This process 
smoothens the crater interiors and may create deep wa-
ter-saturated layered materials for the subsequent per-
mafrost formation. The existing permafrost may further 
add debris apron type mass movements inside the crater 
rims.  

Together with the decreasing inflow into the crater 
its sedimentation effect also diminishes. The final phase 
which still carries some amount of solid material to 
deposit just in front of the inflow channel is seen as a 
delta formation (Fig. 5; see also [10]). In some cases a 
wider and thinner delta layering may be visible, possi-
bly due to a stronger final inflow pulse. In places we 
can identify a smaller and more local triangle-like delta 
piling which may have formed into the mouth of a 
smaller and/or steep-sloping inflow channel.  

 
Figure 6. A. Example of mantled craters within high latitudes. Notice 
the gradual change and disappearance of crater topography. Fragment 
of MOC E0500602, 3 km x 3 km. B. Dissected mantle material on the 
bottom of a crater next to the central peak. Crater is located in the 
highlands south of Hellas Basin. Fragment of THEMIS V01209003, 
10 km x 10 km. 
 

The eolian activity may also have filled the craters. 
The deposits of wind-blown materials may consist of 
rather even layers (Fig. 6a) of dust particles or dust-ice 
aggregates which, due to their small size and low den-
sity, are easily transported by Martian winds and 
storms. Many craters may have served as a previous 

deposition traps for this material as seen from the now-
exposed horizontal sedimentary layers (Fig. 6b) even in 
craters which do not have any recognizable inflow 
channel at all.  

The importance of an eolian process in changing the 
crater is still more visual in the cases where we are able 
to identify dune fields within the crater floors. These 
dune fields may differ in size and importance. They 
may also differ in ages beginning from the more an-
cient paleodunes to the present still-moving dunes (Fig. 
7a). Being the most surficial units, the dune fields may 
cover previous formations, structures and layers but 
also they may, in places, have been effected by other 
geological crater-modifying processes.  

Volcano-tectonic effects on impact craters: For 
some of the impact craters the proximity of a volcano 
emphasizes the importance of the crater location in 
identifying its post-impact modification. It is known 
from numerous planetary, also Martian, craters that the 
formation of a large crater has generated new or re-
opened old fractures in the bedrock and thus opened 
trespassing channels for magmas to erupt onto or in-
trude into the planet's crust. 

 
Figure 7. A. Pit depressions and paleodunes on the floor of Rabe 
Crater. Part of THEMIS I02471002, 30 km x  30 km. B. Possible 
pyroclastic layering within a crater north of Hadriaca Patera. Frag-
ment of MOC M0303051, 0.8 km x 0.8 km. 
 

There are also plenty of impact craters which have 
been partially buried by pyroclastic deposits (Fig. 7b). 
The low Martian gravity and atmosphere pressure have 
favoured the explosion-type volcanic eruptions which 
have been very effective to spread various types of vol-
canic pumices, scoriae and tephra over wide areas 
around these patera-type volcanoes. The approximate 
depth range of the pyroclastic deposits in various dis-
tances from appropriate volcanoes can be estimated 
from the amount of the impact craters fill related to the 
actual numbers for depth-diameter ratios of impact cra-
ters inferred for different crater sizes in the Martian 
environment.   

In the close vicinity of a volcano the pyroclastic 
layer depth may exceed the height of the highest crater 
rim, a situation  which allows only the minimum de-
posit depth estimation using the depth-diameter ratios 
of impact craters. This may also be very true when es-
timating the lava depths within volcanic planitiae. 
Lavas which have renewed the whole surface by cover-
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ing all the impact craters beyond identification may be 
much thicker than required to cover just the crater rim 
peaks (cf. Tharsis). Some other Martian environments, 
however, display graphically impact crater rim rings 
partially covered by lava flows. This allows us to esti-
mate the depth of these lavas and thus the total amount 
of extrusives or, if the period of time is inferred, the 
extrusion rate.  

There are, however, some certain areas on Mars 
where even totally lava-covered impact craters can be 
utilized in studying the local geology. Hesperia Planum 
has a very complex network of tectonic structures con-
sisting of compressional wrinkle ridges. These linear 
structures were generated along previous zones of 
weaknesses or sub-lava hill crests during the surface 
shortening of the large lava-covered area [11]. There 
are also a high number of circular wrinkle ridges which 
must have a connection to the lava-covered topography, 
too. An explanation for their formation involves the 
existence of a previous impact craters. The extruding 
lavas have covered these craters totally but the lava 
thickness is deeper over crater floors and other depres-
sions and thinner over the crater rims. During the sink-
ing or areal shortening tectonic phase the compres-
sional forces break the lava cover most easily in places 
where it is thinnest, i.e. over the buried impact crater 
rims. The existence of lava-preceeding loose surface 
material or breccia layer increases the incompatibility 
between this and the later lava coverage. A more 
straightforward connection between tectonic bedrock 
directions and wrinkle ridges locating within the floors 
of some impact craters has also been found [12]. 

Glacial features in impact craters: There are nu-
merous U-shape openings through the impact crater 
rims. Some of them do not have any indication of a 
fluvial channel and another ones have such a very mi-
nor channel only which is unable to explain the erosion 
required to make the U-valley (Fig. 5). The U-shape 
valleys have a distinct topography and, on terrestrial 
glacial environments, they are known to have formed 
by glacial movements.   

There are also strange pit depressions [13], which 
decorate some of the impact crater interiors, especially 
on the highlands to the west of Hellas Basin (Fig. 7a). 
The geological processes involved in formation of these 
identified angular depressions in the crater interiors are 
still unknown but might involve events related to sub-
limation and melting of the sediment- or dust-buried ice 
blocks or permafrost layers. There may also have been 
some other still-unknown geological processes in-
volved.  

Even if we do not see any clear evidences of the 
present glaciation processes on the Martian surface 
except the two polar caps and possibly the adjoining 
mantle-terrain areas the above-mentioned observables 
may increase our understanding of the ancient ice-rich 
phases of Mars. These crater-modifying topographies 

have to be studied together with the facts that there has 
been plenty of water in Mars, large-scale climate and 
temperature variations, and large variations in the direc-
tion of the rotational axis of Mars. Each of these facts, 
together with the observed existence of definitive steep-
slope mesas or tuyas [14], possible glacial-related for-
mations on the mountain slopes [15], and the crater-
related U-valleys and pit depressions described, con-
tribute to the evidences of the possible existence of 
previous Martian glaciations, which may have taken 
place varying in their location or time or both. We 
have, however, to look for further additional evidences 
of various types of glacial crater modifications before 
we can conclude for sure that this has also been the 
case on Mars.  

Conclusion: Many of Martian impact craters may 
provide us with evidence of the bedrocks or active geo-
logical processes involved in the cratered surface units. 
We only have to read the story right by interpreting the 
peculiar impact crater details correctly, by putting the 
topographic surface formations of modified impact 
craters into their right environmental context, or by 
investigating the diversity of studied crater phenomena 
using various statistical approaches.   

It is difficult to draw geologically sound conclu-
sions based only on a small number of impact craters 
and their structures. We usually need to study a wider 
area with several or numerous impact craters in order to 
gain a deeper insight of what geological events may 
have been involved in the evolution of this particular 
area. Studies of modified impact craters and their de-
tails then become more important either in providing 
the additional supporting details required in confirming 
the evolving ideas of the areal geological phases and 
their importance or, on the other hand, in giving a first 
hint or suggestive peculiar surface expression of a geo-
logical process the presence of which has been previ-
ously mostly neglected or misunderstood within a par-
ticular Martian area.  

The study calls for new creative approaches in util-
izing the Martian impact crater realm in order to under-
stand and investigate its geological phases, epochs and 
processes in a more detailed and complete way, and to 
improve the ideas of Martian global and areal geologi-
cal development. 
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Introduction:  Earlier, we pointed out that some 

shergottite impact melt glasses contain large abun-
dances of Martian atmospheric noble gases and show 
large variations in 87Sr/86Sr (initial) isotopic ratios. 
These samples likely contain Martian regolith fines 
(MRF) [1-3].  We showed that one of the charecteris-
tics of these MSF fractions is the simultaneous en-
richment of felsic component  and an associated deple-
tion of the mafic component relative to the host phase 
in which these glasses are located.  In several samples 
studied by us, the magnitude of enrichment and deple-
tion is found to vary from one sample to the other.  In 
addition, these samples show evidence for the occur-
rence  of secondary sulfate mineral phases due to 
aqueous alteration near Mars surface.  As the basaltic 
shergottites presumably originate from near-surface 
regions of young volcanic terrains such as Tharisis 
(Olympus Mons) or Elysium Mons [4], the MSF frac-
tion embedded in these impact glasses likely provide 
clues regardng the physical and chemical weathering 
environment to which their precursor soils were ex-
posed near the Martian uplands prior to the impact-
melt generation..  

We suggested earlier that the felsic enrichment and 
mafic depletion observed in these samples is related to 
the occurrence of the Martian regolith fine fraction in 
them [3].  These glasses contain varying amounts of 
the MRF fraction and the relative ratios of the coarse 
and fine fractions in these impact glasses determine the 
magnitude of the enrichment and depletion factors in 
these samples.  On comparison of our results with 
those obtained in the laboratory simmulation bom-
bardment experiments on gabbro using projectiles with 
similar impact velocities on Moon/Mars by Horz et al. 
[5], we found that, though the patterns of enrichment 
and depletion of the element-oxides in the samples are 
similar, but their magnitudes are grossly different. In 
the Horz et al. experiments, the finer size fractions 
were enriched in AL2O3 relative to the starting com-
position and were depleted in FeO and MgO.  If we 
assume that melt glass pocket ,507 originally consisted 
entirely of fine-grained regolith developed on the host 
rock represented by EET79001 (lithology B), can we 
explain the difference in chemistry entirely by differ-
ential comminution and mechanical concentration of 
the fines? When we compare the melt glass composi-
tion in EET79001 to the bulk rock composition, we 
find the same trends shown by Horz et al. [5], but they 

are much more enhanced.  If the regolith material 
which was the precursor to the melt glass originally 
consisted of fine-grained regolith, differential commu-
nition concentration of the fines by mechanical frac-
tionation could explain the trends, but not the magni-
tude of the chemical difference. Consequently we con-
clude that, while diffential comminution and mechani-
cal fractionation may have operated, there must be 
other processes operating on Mars responsible the sig-
nificant difference in composition between the melt 
glass and the bulk rock.  In this study, we examine this 
aspect in detail and show that these differences could 
be explained by chemical (acid-sulfate) weathering of 
the soil fines near the martian surface by aqueous solu-
tions containing acidic volatiles such as SO2 and H2O 
released in volcanic eruptions during the last few hun-
dred million years on Mars [6,7]. 

Experimental:  Several impact melt glasses in  
shergottites were studied by us using a Cameca SX100 
state-of-the-art microbeam automated Electron Micro-
probe at JSC using standard analytical and calibration 
procedures described earlier [1-3].  We discuss below 
data obtained on an impact-melt glass inclusion ,507 
from EET79001 and compare the results with those 
obtained on Shergotty glasses (sample provided by 
Don Bogard).  

Results and Discussion:  We studied earlier sev-
eral veins and pods in impact-melt glass samples ,77 
,78 ,18 and ,20A in EET79001 and averaged all the 
data points in these veins. The average values are plot-
ted in Fig.1 of [2] where we found significant enrich-
ment of Al2O3 and CaO relative to the bulk rock con-
taining these melt pockets (Lith A) and much larger 
depletion of FeO and MgO relative to Lith A.  SO3 
abundance varied from 0.4 to 1.6 showing modest en-
richment relative to Lith A.  These values represent 
averages of about 900 data points obtained in the line 
profiles across the veins.  In the present study, we fo-
cuss our attention on the Electron Microprobe and 
SEM data gathered along several line profiles in the 
veins and pods of impact melt glasses of ,507 of 
EET79001 (Lith B).   

The FeO & MgO as well as Al2O3 & CaO abun-
dances are plotted against SO3 in Figs. 1 & 2 respec-
tively. In Fig. 3, SiO2 is plotted against SO3.  At some 
analysis sites, we found SO3 contents as high as 
~16%, a value more than twice as high as the SO3 
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content of Viking and Pathfinder [8,9].  The SO3 vs 
FeO plot in Fig.1 where SO3 varies from about 0.6% 
to 16%, shows excellent positive correlation between 
the two elements.  When we extrapolate the correlation 
line back to SO3 = 0.5%, the FeO content of the min-
eral assemblage in the glass turns out to be ~10%.  
This indicates that the FeO content of the precursor 
soil fines in the impact glass is depleted by ~50% rela-
tive to the host bulk rock.  Further, in the Al2O3 vs 
SO3 plot in Fig. 2, the data points show negative corre-
lation between these elements.  When we extrapolate 
the correlation line, as before, to SO3 = 0.5%, we find 
the Al2O3 content in the starting materials to be ~20%.  
This indicates that Al2O3 is enriched by a factor of 2 
relative to the host phase.  If we consider that these 
enrichment and depletion factors are only due to com-
minution of basaltic rocks due to meteoroid bombard-
ment, then the observed values found here are very 
high compared to those obtained by Hoerz et al. [5] in 
the simulation experiments on gabbro.  These results 
suggest that there may be an additional process operat-
ing on these soil fines on Mars.  The most likely can-
didate for such a process is chemical weathering of soil 
fines near Mars surface.  We explore below the condi-
tions and the consequences of acid-sulfate weathering 
of soil fines near Mars surface during the last few hun-
dred Ma.  

Acidic Volatiles:  Based on the resurfacing rates on 
Mars, Tanaka et al.[10] estimated that the volcanic 
eruptions on Mars took place once in every 104 years 
during the last few hundred Ma.  During these volcanic 
eruptions/emnations, huge amounts of volcanic gases 
consisiting of water and sulfurous gases (among oth-
ers) are released into the atmosphere where SO2 is 
oxidized, converted to H2SO4 and deposited as aero-
sols on rock surfaces [6,7].  Because of the large sur-
face area of the comminuted fine basaltic materials 
near the volcanic eruptions, these acidic volatiles 
chemically react with the constituent mineral compo-
nents resulting in slow dissolution and chemical (acid-
sulfate) weathering.  Here, we examine the nature and 
conditions of dissolution and reprecipitation of secon-
dary mineral phases during acid-sulfate weathering of 
ferromagnesian minerals and feldspars in the Martian 
regolith.  

Chemical Weathering : To study the nature of 
chemical weathering effects on ferromagnesian miner-
als by acid-sulfate solutions, we use the FeO and MgO 
vs SO3 plot in Fig. 1.  The Fe-Mg silicates rank high-
est in order of vulnerability of igneous minerals to 
chemical weathering reactions, with feldspars being 

next in order [11]. When the pyroxenes are degraded 
by acid-sulfate solutions, the Fe+2 and Mg+2 go into 
solution along with silicic acid.  It may be noted that 
the oxidation of Fe+2 to Fe+3 is extremely slow on 
Mars compared to Earth because of very cold tempera-
tures near Mars surface.  The excellent positive corre-
lation between FeO and SO3 indicates that iron may be 
precipitated as ferric hydroxy sulfate which is rela-
tively insoluble.  Note that the potassium abundance in 
our samples is very low which does not favour the 
precipitation of K-jarosite /alunite in these samples [6, 
7].  Also, note that sulfur predominantly exists as sul-
fate in these samples  [2,12,13].   

At low SO3 values, both FeO and MgO in this 
melted regolith (,507) are highly depleted relative to 
the host rock (Lith B). This observation suggests that 
The chemical weathering appears to have been a three 
step process.   First (step 1) MgSO4 and FeSO4 were 
formed as a result of acid-sulfate degradation of py-
roxenes.. Second (step 2), the regolith was partially 
leached of these components;  they were possibly re-
moved from the system by transgressing aqueous solu-
tions seaping into the top portions of Martian regolith, 
a process which decreased their concentration and in-
creased the concentration of Al2O3 in the residual  
soil.  During step 2, some SiO2 is removed in solution. 
We hypothesize that as acid-sulfate solutions degrade 
pyroxenes and feldspars, some SiO2 goes into solution 
as H2SiO4 and it is removed from the system by the 
transgressing solutions.  Finally (step 3), a solution 
was reintroduced into the soil and precipitated the SO3 
phase along with a considerable amount of FeO and a 
slight amount of MgO, presumably as sulfates.  During 
step 3, some components such as Al2O3  may also 
have been removed to a slight degree.   The behaviour 
of feldspars in the soil precursors under these acidic 
conditions on Mars can be deciphered from the corre-
lation lines in Al2O3 and CaO vs SO3 plot in Fig. 2.  
Both Al2O3 and CaO negatively correlate with SO3 
suggesting that the dilution effect is significant in 
bothcases. The decrease of CaO with added SO3 can 
almost entirely be explained by the dilution effect (clo-
sure), but only about half of the decrease of Al2O3 can 
be explained by dilution.  Consequently, the data re-
flect a real decrease (removal) of Al2O3 by weathering 
and transport during step 3.  Further, in Fig. 3, we 
show good correspondence between SO3 and SiO2.  
We find that as the SO3 content increases from 0.5% 
to ~16%, SiO2 decreases from ~50% to ~40%.  Most 
of this variation of SiO2 can be explained by dilution.   

 Note that MgO remains relatively flat over the 
complete range of SO3.  Dilution alone would cause 
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MgO to decrease about 16% as SO3 increases, but this 
decrease is not observed.  Therefore, MgO is actually 
increasing slightly in step 3 with the introduction the 
SO3-rich material along with FeO. However, it had 
been partially dissolved  and leached out in step 1 and 
2. 

 Model calculations :   We present a model based 
on the above results and carry out calculations ,under 
the assumptions discussed below.  We start with sher-
gottite basaltic composition of 56% pyroxene and 29% 
feldspar plus maskelynite for EET79001 [14].  This 
material is comminuted by meteoroid bombardment on 
Mars producing fine-grained regolith fractions where 
felsic component is slightly enriched and mafic com-
ponent is depleted relative to the starting material. In 
our model, we use the enrichment and depletion fac-
tors given by Horz et al. [5].  We assume that all FeO 
and MgO in the solution results from the dissolution of 
pyroxenes and all Al2O3 in the solution comes from 
the dissolution of feldspars.  CaO is contributed 
equally by the dissolution of pyroxenes and feldspars 
into solution.  In this model, the acid-sulfate solutions 
are generated from acidic-volatiles released in volcanic 
eruptions into the atmosphere[6, 11].  They interact 
with the enriched/depleted starting basaltic fine mate-
rial by dissolving varying proportions of pyroxenes 
and feldspars depending on the acid-sulfate availability 
under restricted aqueous conditions.  We  consider 
three cases in our calculation : Case A = 8% pyroxene 
and 4% feldspar dissolved into the transgressing solu-
tions where the resulting MgSO4, H2SiO4, and 
Al2(SO4)3 are removed from the system and an 
equivalent amount of  iron sulfate is reintroduced and 
precipitated as insoluble Fe2(SO4)3 on the residual 
grains.  Case B = 16% pyroxene and 8% feldspars dis-
solved (and the rest of the details are same as above).  
Case C = 32% pyroxene and 16% feldspar disoolved 
(and the rest of the details same as above).  We assume 
that when iron dissolves it goes into solution as FeSO4 
and when it precipitates, it leaves the solution as 
Fe2(SO4)3. Using these model steps in dissolution and 
precipitation reactions, we calculate the compostion of 
different element-oxides in the end products.  We plot 
these calculated values (model-dependant) in Figs. 1, 2 
and 3.  The agreement between the experimental and 
calculated values is good.  All trends generated by the 
model correspond to trends of the actual measured 
data.  This observation indicates that these glasses con-
tain locally-produced fine-grained Martian regolith 
which had undergone acid-sulfate weathering and frac-
tionation under limted aqeous conditions.   

Conclusions:  We find that the composition of the 
gas-rich melt inclusion (,507) shows systematic varia-

tions from the host rock (EET79001, Lith B) that can 
be explained by a multi-step history consisting of dif-
ferential communation with some chemical fractiona-
tion, acid/sulfate dissolution, removal of some compo-
nents, and introduction of sulfates, mainly Fe but also 
minor Mg.  This regolith was then melted and mixed 
with Lith B, trapping the gas-rich melt in pockets, pre-
sumably during the impact that ejected the sample 
from Mars.  Similar chemical trends (not shown here) 
found in a gas-rich glass inclusion in Shergotty suggest 
that this weathering sequence may be repeated at other 
martian locations. 
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Figure caption: The FeO & MgO vs SO3 plot 

(Fig.1) ; Al2O3 & CaO vs SO3 plot (Fig.2); SiO2 vs 
SO3 plot (Fig.3) for EET79001,507 (Lith B). The 
positive and negative correlations are striking.  For the 
details about the model compositions used in Case A, 
Case B and Case C which had undergone acid-sulfate 
weathering under restricted aqueous conditions, see 
text.  The solid lines are least square trend line fits to 
the data. 

 
 
…….. 

Sixth International Conference on Mars (2003) 3130.pdf



EET79001,507 

0
2
4
6
8

10
12
14
16
18
20
22
24
26

0 2 4 6 8 10 12 14 16 18
SO3 (%)

M
gO

  &
  F

eO
 (%

)

FeO (%)
ET507,MgO
Lith B FeO
Lith B MgO
MODEL FeO
MODEL MgO
Linear (FeO (%))
Linear (ET507,MgO)

FeO

MgO

A
B

C

Fig. 1

 

EET79001, 507 

7

9

11

13

15

17

19

21

23

25

27

29

0 2 4 6 8 10 12 14 16 18
SO3 (%)

C
aO

  &
   

A
l 2O

3 
(%

)

ET,507 Al2O3
ET,507 CaO
Lith B CaO
Lith B Al2O3
MODEL Al2O3
MODEL CaO
Linear (ET,507 Al2O3)
Linear (ET,507 CaO)

Al2O3

CaO

A B
C

Fig. 2

 
 

EET79001,507

0

2

4

6

8

10

12

14

16

18

40 42 44 46 48 50 52
SiO2 (%)

SO
3 

(%
)

ET507,SO3

MODEL SO3

Linear (ET507,SO3) A

B

C

Fig. 3

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
…… 

Sixth International Conference on Mars (2003) 3130.pdf



ELECTRICAL DISCHARGES IN THE MARTIAN DUST DEVILS AND DUST STORMS.  N. O. Renno, 
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Introduction:  The Mars Global Surveyor Mars 

Orbiter Camera (MOC) shows that aeolian processes 
have been actively modifying the surface of Mars [1].  
The evidence of these processes in the form of wind 
erosion features, dust devils, and dust storms is abun-
dant and visible even in images of the MOC wide-
angle camera.  Dust devils are ubiquitous features of 
terrestrial deserts and the martian landscape during the 
warm season.  On Mars, dust devils are much larger 
and stronger than on Earth.  Terrestrial dust devils 
have typical diameters of less than 10 m and are sel-
dom higher than a few 100 m [2].  In contrast, dust 
devils with diameters between 100 m and 1 km, and 
heights of up to 7 km are frequently observed on Mars 
[1, 3].  Martian dust devils also have greater dust con-
tent than the terrestrial vortices.  The dust devils ob-
served in the images of the Mars Pathfinder panoramic 
camera have about 700 times the dust content of the 
local background atmosphere [4]. 

Regional dust storms occur rather frequently on 
Mars (Figure 1).  In general, they are highly convec-
tive and many are similar to terrestrial hurricanes [5].  
Sometimes regional dust storms grow and become 
global in extent.  Enhanced dust devil activity might be 
a precursor of regional and global dust storms.  There 
is evidence that regional and global dust storms fre-
quently form in regions where theory predicts high 
occurrence of dust devils [6].  The theoretical frame-
work applicable to convective vortices such as dust 
devils, waterspouts and hurricanes predicts that dust 
devils and dust storms have a higher probability of 
occurrence and are potentially more intense in regions 
of sloping terrain and large horizontal temperature 
gradients [6, 7, 8, 9], such as the region near the edge 
of the south polar cap during the warm season [8, 10, 
11].  This is the region where regional and global dust 
storms are frequently observed [10, 12]. 

 

 
 

Figure 1.  Mars Orbital Camera images of a regional martian dust storm developing at the edge of the north polar 
cap during the spring.  This figure is a courtesy of NASA/JPL/Malin Space Science Systems. 

 
Electrification of Dust Devils and Dust Storms:  

Triboelectric charging of saltating and colliding dust 
particles produces strong electric fields in terrestrial 
dust devils [13].  Electric fields in excess of 50 kV/m 
have been measured [14, 15].  All observations of ter-
restrial dust devils show negative charges aloft, and 
this distribution of charges agrees with the idea that 
negative charges are transferred to the smaller particles 

during collisions [16].  Acceleration of charged parti-
cles and electrical discharges between them generate 
wideband electromagnetic radiation that can be de-
tected by nearby radio receivers.  The wavelength of 
the radio emission depends on the nature of the 
changes in the electric field.  Impulsive discharges 
between individual dust particles produce short wave 
radio emission [17], whereas large-scale fluctuations 
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of the electric field produce long wave radio emission 
[18]. 

Triboelectric charging of dust is also expected to 
be an important phenomenon on Mars.  Evidence for 
this was the charging of the Pathfinder Sojourner 
Rover wheel while it operated in a martian environ-
mental chamber [19].  Because of Mars’ low atmos-
pheric density, electrical discharges occur at lower 
electric potential than on Earth, and therefore should 
be more frequent.  The breakdown electric field on 
Mars is expected to be between ~5 and 20 kV/m, com-
pared to ~3000 kV/m on Earth.  Electrical discharges 
in martian dust events would also produce wideband 
radio emission. 

A possible explanation for the short wave radio 
emission by dust events is discussed next.  Charges are 
exchanged during collisions between individual sand 
and/or dust particles.  As the charged particles move 
away from each other, the electric field between them 
increases until it exceeds the breakdown potential, 
producing an impulsive discharge.  This hypothesis is 
based on the physics of light emission by colliding ice 
particles proposed by Keith and Saunders [20].  The 
current flow associated with the impulsive discharges 
produce wideband electromagnetic radiation. 

Several ground-based radio observations of Mars, 
are summarized in the next section.  The observations 
show a strong correlation between martian dust activ-
ity and anomalously high radio emission, in wave-
lengths ranging from 1.35 to 6 cm.  We suggest that 
the observed anomalous radio emissions are caused by 
electric activity in dust devils and dust storms, rather 
than thermal emission by the dusty and warmer atmos-
phere.  Dust suspended in the atmosphere directly ab-
sorbs and scatters solar radiation, while absorbing in-
frared radiation, and therefore affects atmospheric 
heating rate and modifies the surface radiative balance 
[5, 21, 22].  Airborne dust produces increases in the 
atmospheric temperature near the top of the dust layer 
and decreases in the temperature at lower levels and 
the surface.  As a result, the thermal emission by the 
surface and the lower atmosphere decreases, while the 
emission by the upper regions of the dust layer in-
creases.  Since the thermal emission at wavelengths of 
a few cm peaks at the surface, it is unlikely that the 
observed enhancement of microwave emission in re-
gions of dust activity is of thermal origin.  At radio 
wavelengths, scattering by atmospheric dust is insig-
nificant, and therefore produces negligible changes in 
the microwave brightness temperature [23].  Hence, 
the thermal effect of dust is to decrease the planet’s 
brightness temperature (see Figure 2), and any ob-
served increase in microwave brightness must be due 
to non-thermal effects. 

 
Figure 2.  Temperature of the Mars Orbital Camera 
telescope tube during a year of weak dust storm activ-
ity (Year 1, 2000; red, lighter curve) and during a year 
of intense dust storm activity (Year 2, 2001; blue, 
darker curve).  This figure is a courtesy of 
NASA/JPL/Malin Space Science Systems. 

 
Radio Observations of Martian Dust Activity:  

Observations of Mars at 2.8 cm with the 46 m tele-
scope of Algonquin Radio Observatory were made in 
December 1975 [24, 25] and January 1978 [26].  
These observations indicated that the martian disk 
brightness temperature was a function of the longitude 
of its central meridian during both set of observations.  
However, the brightness temperature of the longitudes 
ranging from 240° to 360° displayed strong variation 
between these two observation campaigns, and large 
temporal variation during the 1978 campaign.  In addi-
tion, both the value of the emission and its variability 
are strongest in the regions of known enhanced dust 
activity as summarized in Figure 3.  Indeed, from 
January to May 1978, various regional dust storms 
were observed in the region of anomalously high radio 
emission.  The disk average brightness temperature 
observed in 1978 was so much higher than the one 
observed in 1975 that there were suggestions of the 
possibility of errors in the calibration of the two meas-
urements [24, 25].  However, even after corrections for 
all probable calibration errors were done, the 1978 
observations still showed significantly larger values 
(by more than 10 K) as shown in Figure 3.  Decreases 
in brightness temperature might be due to cooling of 
the surface by dust aloft, while increases in the bright-
ness might be due to discharges between individual 
dust particles. 

Mars was observed with the Very Large Array 
(VLA) at wavelengths of 2 and 6 cm during the mar-
tian northern spring in 1983 [27].  The observations 
were done at the sub-earth local time of about 2 p.m., 
the time of largest dust devil activity.  The data from 
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these observations exhibited behavior not well pre-
dicted by a suite of models of thermal emission.  The 
anomalous behavior was concentrated mainly in a re-
gion of the south hemisphere bounded by the Hellas 
and Argyre Planitia, well known regions of large dust 
activity [12].  In addition, anomalous behavior was 
observed around the region of largest temperature gra-
dient of the north hemisphere.  This is where theoreti-
cal model predicts intense dust devils and dust storms.  
Indeed, Rudy et al. [27] suggested that some of the 
anomaly could have been caused by dust storms. 

 

SYRIA

 
Figure 3.  Measured martian disk radio brightness 
temperatures as a function of the central meridian lon-
gitude for 1975 (top) and 1978 (bottom) campaigns.  
The re-normalized brightness temperature for 1975 is 
also shown in the bottom plot (after [26]).  Some of the 
most active dust devil/storm incubator regions are 
marked in plot at the top. 

 
The Tharsis and Amazonis regions of Mars (re-

ferred to as the Stealth region because of its weak ra-
dar signature) were observed with the VLA at 1.35 cm 
during the martian northern spring in 1995 [28].  The 
observations of variations in surface brightness tem-
perature of this region during a period of 12 hours 
were compared with theoretical predictions made with 
a model of the martian surface/atmosphere system.  
The observed anomaly (discrepancy between model 
and observations) in the microwave emission was 
found to be highest between the local noon and 4 p.m., 
the period in which dust devils are most frequent and 
strongest [2, 6].  This is also the time period in which 
the reduction in surface temperature by atmospheric 
aerosols is the highest (Figure 2).  The low radar sig-

nature of the Stealth region has been attributed to the 
existence of loose and unconsolidated sediments such 
as a thick mantle of fine sand or volcanic ash [29].  
The time variation of the anomalously high radio emis-
sion and the existence of large amounts of fine grains 
in the region are consistent with the idea that the an-
omalously high radio emission is caused by a large 
number of electrically active dust devils in the region. 

Summary:  The observations summarized in this 
article show a strong correlation between anomalously 
high martian microwave brightness temperature and 
the occurrence of dust devils and/or dust storms.  We 
suggest that the observed anomalies are caused by im-
pulsive discharges between dust particles, triboelectri-
cally charged during dust events.  The understanding 
of electrical activity associated with dust events might 
have important implications for the chemistry of the 
martian atmosphere and the safe operation of Mars 
landers and rovers. 
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Introduction:  The payload of the Beagle 2 Mars 

lander of ESA's Mars Express mission includes a re-
golith-penetrating, tethered "Mole" intended for acqui-
sition of several subsurface soil samples from depths 
between about 10 cm and approximately 1.5 m. These 
samples will then be analysed by the Gas Analysis 
Package (GAP) instrument on the lander, primarily 
with regard to isotopic composition and organic mole-
cules [1]. In addition, a share of each sample can be 
deposited onto the lander structure to be investigated 
with instruments mounted on the lander’s PAW in-
strument carrier, such as the Mossbauer and X-ray 
fluorescence spectrometers and the optical microscope. 
After giving a brief overview of the experiment design, 
this paper focuses on the various science objectives 
addressed by the Beagle 2 Mole system, also referred 
to as the PLanetary Underground TOol (PLUTO). 
Apart from its capability to make subsurface regolith 
samples available to lander-based experiments for the 
first time on a Mars landing mission, PLUTO will be 
capable of performing scientific measurements of its 
own which utilize the Mole’s soil penetration process 
and its temporary residence within the regolith. 

PLUTO Overview:  The PLUTO instrument on 
the Beagle 2 Mars lander, scheduled to arrive at Mars 
on December 25 this year, has at its core an electrome-
chanical "Mole" that is able to penetrate into soil-like 
materials by way of soil displacement through an inter-
nal hammering mechanism that transfers periodic force 
strokes from the Mole to its outside environment [2]. In 
the presence of friction with the surrounding material, a 
self-penetration without requiring reactive forces from 
the lander is possible, allowing to link the Mole to 
lander-based elements through a tether which also 
serves as the primary means of retrieving the device. 
Hammer mechanism sizing allows to advance to depths 
of about 1.5 m in Viking-type “blocky” soil with an 
assumed hyperbolic increase of bulk density and shear 
strength with depth, within about 2 h of continuous 
hammering while at Martian gravity, with average 
electrical power uptake of roughly 3 W. A sampling 
mechanism in the front of the Mole can be commanded 
to open to capture a soil sample between about 5 mm3 
and 200 mm3, depending on sampler operating scheme. 
A winch mechanism residing above the surface will 
allow to reel the Mole back inside a “holster”-like 
guiding tube – supported by Mole backwards hammer-
ing - which is maneuvered by the lander mechanical 

arm to allow sample discharge to either the sample 
inlet of the Gas Analysis Package (GAP) instrument or 
onto the lander deck. In all, three subsurface sample 
acquisitions from the Martian regolith are planned 
during the course of the mission within reach of the 
lander arm, from various depths not exceeding about 2 
m. Overall mass of PLUTO including winch mecha-
nism and tether is 860 g at a stowed length of 365 mm. 

 

Fig. 1:  Beagle 2 in deployed configuration on sur-
face of Mars (artist’s impression). 

 

Fig. 2:  PLUTO Qualification Model (with winch 
reel mechanism and guiding tube). 

 
Subsurface Sample Analyses:  The lander-based 

GAP instrument, using pyrolysis and stepped combus-
tion processes, aims at studying the retrieved subsur-
face soil samples in light of a search for organic mole-
cules either imported by carbonaceous meteorites or 
perhaps produced on Mars by non-biological or even 
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biological processes [3]. Access to subsurface soil for 
this type of investigation is considered essential to 
account for Mars soil oxidant hypotheses as well as 
decomposition processes driven by solar UV alone [4], 
[5]. Moreover, analyses of subsurface soil samples by 
the Beagle 2 Mossbauer spectrometer after sample 
deposition on the lander structure offer the potential to 
directly investigate oxidation state as a function of 
sample provenance (depth). GAP additionally will be 
able to measure water released from samples during 
pyrolysis, allowing to differentiate between chemically 
bound and adsorbed water [6] while delivering ground 
truth for the Mars Odyssey GRS suite measurements of 
soil hydrogen abundance. 

Soil Mechanics:  The PLUTO Mole will allow 
mechanical properties of the regolith to be inferred 
from the way it proceeds into the Martian soil. Using a 
Mole soil penetration theory calibrated by ground-
based experiments, regolith bulk density, cohesion, and 
internal friction angle can be constrained as a function 
of depth using the Mole penetration path (and retrieval 
path) vs. time which is measured by a sensor indicating 
the amount of tether extracted by the Mole. The ob-
tained depth profiles of these quantities should provide 
insight into the depositional history and stratigraphy of 
the regolith at the site by uncovering any layering of 
soils with different mechanical properties being indica-
tive of the upper horizons of the local geological se-
quence. It is expected that absolute values derived for 
cohesion will be accurate to within 100 Pa, and for 
friction angle to within 3°. 

 
Fig. 3:  Schematics of Mole downward deployment 

from the PAW instrument carrier at end of Beagle 2 
mechanical arm. 

 

Thermophysical Properties:  A temperature sen-
sor mounted on the Mole will support investigations of 
soil thermophysical properties and measurements of the 
subsurface temperature profile. Regolith temperature 
measurements will be conducted both as a function of 
depth during soil intrusion and retrievals, and as a 
function of time for constant depth, as the Mole can be 
left in the subsurface for periods of days before it is 
retrieved, especially during the later part of the Beagle 
2 landed mission. Subsurface temperature data will 
support calibrations of Mars regolith thermophysical 
models, especially if coupled with thermal measure-
ments conducted concurrently above the surface by 
sensors on the lander itself. Once soil thermal diffusiv-
ity is derived from the data, this can be solved for soil 
effective thermal conductivity using the bulk density 
estimates obtained from the PLUTO soil mechanics 
investigation, allowing in turn an estimate of the soil 
grain size regime from known correlations between 
thermal conductivity and grain size [7]. 

Volatile Condensations from Atmosphere:  Pro-
vided the boreholes created by Mole soil penetration 
remain stable following retrieval of the device back to 
the surface, a search for condensed atmospheric vola-
tiles along permanently shaded borehole walls will be 
conducted by periodic imaging with one of the lander 
camera heads being equipped with an illuminating 
torch. This will allow an independent estimate of the 
soil thermal conductivity to be derived, and would 
enable to constrain atmospheric water vapor content, 
utilizing simultaneous measurements of atmospheric 
pressure and temperature by sensors on the lander. 
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Introduction: During the summer of 1976 Vi-
king Lander 1 and 2 touched down at Chryse Planitia 
and Utopia Planitia, Mars respectively. The primary 
aim of both Viking Landers was to look for the pres-
ence of organic life on the surface of Mars, however 
each Lander also had a comprehensive meteorological 
package to monitor the martian atmospheric conditions 
[1]. The meteorological package consisted of pressure, 
temperature and wind sensors, enabling the landers to 
perform the first detailed in-situ investigation of mar-
tian weather. Data was logged for the full mission at a 
variety of sampling rates. High data rates were used 
early on in the mission (one sample every 8 seconds), 
but this moved to a lower rate (one sample per minute) 
after sol 60 for Viking Lander 2. The meteorological 
results from the Viking Landers highlighted diurnal 
variations in pressure and temperature. The ambient 
wind speeds were generally below 10ms-1. The biggest 
pressure variation was between the two landing sites; 
explained by the difference in latitude and altitude. 
Apart from this variation the long-term pressure was 
relatively constant at approximately 6 mbar. Large 
temperature variations were seen to be commonplace 
on Mars, with a diurnal range of approximately 50K. 
This diurnal temperature variation is essentially a con-
sequence of the low thermal inertia of the surface and 
the atmosphere. 

Dust devils form at the base of convective 
plumes. These convective plumes are created by sur-
face heating from the Sun. Dust devils, when detected, 
will produce changes in all of the key meteorological 
parameters measured by the Viking Landers, namely 
pressure, temperature, and wind. These vortices may 
also leave tracks or marks on the surface where they 
have lofted the surface regolith; these were first seen 
and identified from Viking orbital photography [2]. 
The two Viking Lander meteorological instruments did 
indeed detect possible convective vortices, first re-
ported by Ryan and Lucich, (1983), who gave an indi-
cation of annual occurrence statistics. Mars Pathfinder 
also detected 79 convective vortices inferred from 
pressure variations [3]. Dust devils have also been 
detected in some of the Mars Pathfinder wide angle 
camera images [4]. It is clear therefore that dust devils 
occur on Mars, and their relevance to the martian 
global dust cycle is currently a topic of scientific inter-
est [4-6]. 

Vortex Detection: Convective vortices can be de-
tected by a characteristic behaviour in their meteoro-
logical parameters. This signature or change in mete-

orological parameters could include a change in wind 
speed and direction, a rise in temperature, or a drop in 
pressure. The last two parameters will only be truly 
characteristic if the sensor suite encounters the vortex 
core. 

Modelling exists to approximate empirically the 
wind speed and direction changes characteristic of 
atmospheric vortices. Wind speed is modelled using 
the Rankine vortex method [7], where the tangential 

wind speed decreases with a 1
r relationship from the 

edge of the core boundary outwards to the edge of the 
zone of influence (approximately 10 x visible core 
radius) and also decreases linearly inwards to zero at 
the centre of the vortex. Apparent wind direction (as 
seen by a stationary observer) is calculated using sim-
ple trigonometry. The modelled vortex signature can 
then be used to identify vortices in meteorological 
data. 

To identify convective vortices from the Viking 
Lander meteorological data, the detection technique 
used is to compare a time-averaged mean to a thresh-
old value, commonly known as a phase picker. For 
each variable under consideration, this method calcu-
lates a short term mean, STA (a running average of the 
last few readings), and a long term mean, LTA (a run-
ning average covering a longer period of time). The 
difference between the STA and LTA is compared to a 
specified threshold value. (values of 6ms-1 for wind 
speed and 40 degrees for wind direction in this study). 

STA LTA threshold− >  (1) 
The STA uses for example the most recent 3 sam-

ples and the LTA uses the most recent 50 samples (de-
pendent on sample rate). This approach is widely used 
in seismology for time series data to detect events of 
interest [8]. Possible convective vortex events are then 
highlighted and examined manually. The technique not 
only picks out possible convective vortices but will 
trigger on other anomalies in the data such as gradients 
in the wind data which are also of interest. This 
method has been used successfully to detect terrestrial 
dust devils during a recent field investigation, as part 
of the MATADOR 2001 programme [9]. 

Classification of Convective Vortex Events: 
Once the dust devil is detected a Rankine fit can be 
used to estimate miss distance and diameter to give a 
better picture of the vortex. In addition the meteoro-
logical phenomena seen by The Viking Landers con-
vective vortices have been classified, allowing for easy 
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identification of convective vortices. This classifica-
tion gives a clear indication of what to look for in a 
possible dust devil event. This clasification is not in-
tended to be specific to Viking and could be used to 
classify convective vortices from any field study, in-
cluding future missions. Convective vortices are di-
vided into three groups, core (1), near miss (2), and 
possible (3). The first two categories are then subdi-
vided to differentiate between convective vortices and 
dust devil events. Category 3 is reserved for ‘possible 
events’, which pass a considerable distance from the 
sensors and may or may not fit the empirical Rankine 
vortex model. Two further categories 4 and 5 describe 
sustained gusts, and other transient events that do not 
fit into other categories. 

Results:  Ryan and Lucich (1983) analysed a total 
of 129 (Viking Lander 1) and 151 sols (Viking Lander 
2) of which 43% and 39% contained vortices respec-
tively. They also provided seasonal statistics on the 
formation of vortices. The analysis contained in this 
paper does not cover the seasonal variation which was 
analysed by Ryan and Lucich, but provides a more in 
depth analysis of diurnal statistics for the Viking 
landers, which will complement the findings of Ryan 
and Lucich. 

The threshold values used produced 38 possible 
vortices in the first 60 sols of Viking Lander 2 [with 
STA = 3, LTA=50, and a sample rate of 0.5 to 0.0625 
Hz]. These candidates were then manually confirmed 
by looking at the pressure and temperature variations. 
This number of vortex events is consistent with the 
statistics from previous martian dust devil studies of 
the Viking Landers [10]. 34 other events were detected 
for Viking Lander 2 ranging from direct passes over 
the meteorological sensors to gusts or unidentifiable 
events. The entire data set was also scanned by eye to 
confirm the efficiency of the phase picker algorithm 
used. Events were then classified according to the 
scheme described previously. 

It is believed that some true dust devils have been 
detected, defined as a convective vortex with wind 
speeds above the threshold wind speed able to loft 
sand particles, (25-30ms-1, [11]). However there is no 
way to be sure if these did in fact loft surface particles. 
Recent work is tending to indicate that dust devils may 
not follow traditional saltation rules [5]. During the 
martian summer of 1976 the wind speeds were in gen-
eral below 10ms-1, which would be insufficient to loft 
surface particles by traditional methods. 

Of the 38 possible vortices, an initial analysis indi-
cated no preference between clockwise and counter-
clockwise rotation, in agreement with Ryan and Lu-
cich(1983). 

Diurnal Statistics:  Considering the diurnal occur-
rence and properties of the martian wind dominated 
phenomena detected, Fig. 1 summarises the diurnal 
statistics for categories 1, 2, and 3, (possible convec-
tive vortices for Viking Lander 2 sols 1-60) and shows 
a maximum at between 13:00 and 13:30, with the ma-
jority of activity happening before this time. This is 
similar, but not exactly the same behaviour, to that 
seen on Earth, where the maximum generally comes in 
the afternoon, with little activity in the morning. 

 

Figure 1 Diurnal statistics for vortices seen by VL2 

Classification Example:  Figure 2 a convective vor-
tex (category 1b) from sol 4 (Viking Lander 2), which 
has a distinctive vortex signature. There is an abrupt 
shift and return to ambient in wind direction, a peak in 
wind speed and temperature, all in a time scale of 
about 90 seconds. This is a good example, showing the 
vortex core, and the convective vortex must have 
passed almost directly over the lander. 

 

Figure 2 The upper solid line and upper left axis 
represents wind direction in degrees, from the local 
north, the lower solid line and lower left axis is 
wind speed (ms-1), the short dashed line is tempera-
ture (K), upper right axis. 
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Implications:  At the Mars Pathfinder landing 
site the dust deposition rate was estimated to be 5-15 
µmyr-1. This would result in a surface particulate layer 
metres thick accumulating over a geologically short 
period of time, suggesting that large amounts of sur-
face material is constantly redistributed around the 
surface [12]. Applying the estimates of dust loading of 
appropriate dust devils seen by the Mars Pathfinder [4] 
to the Viking data, one can estimate the total amount 
of surface material lofted by dust devil events around 
Viking Lander 2 over the first 60 sols to be at least 
3.4x104 kg, equivalent to 800±10 kgsol-1km-2. This 
assumes a dust loading of 7x10-5 kgm-3, an average 
vertical velocity of 7 ms-1 and a dust free core of 50% 
[13, 14]. This strongly implies that dust devils are re-
sponsible for redistributing large amounts of martian 
surface material over a geologically short time period. 

Conclusions:  Convective vortices and dust devils 
have been seen on Mars both in orbital data and mete-
orological data, as well as lander images. Previous 
estimates of dust devil activity [10] at the Viking Lan-
der sites have provided information about the seasonal 
behaviour. To add to this data set, Viking Lander 2 
meteorological data has been analysed for the sols 1-
60, which have a sufficiently high sampling rate for 
reliable detection of short-term meteorological phe-
nomena. Convective vortices have been identified 
from their distinctive meteorological signature, using a 
phase picker algorithm [8] and categorized by a rating 
scheme, which considers intensity and confidence of 
detection. Wherever possible, estimates are made of 
the core miss distance from the Lander and the pre-
dicted diameter of the vortex, assuming a response for 
the vertical sensitivity of the wind sensor, and estimat-
ing a vertical wind profile within a convective vortex 
based on previous studies. An estimate of maximum 
wind speed within the vortex is also made and com-
pared to the estimated dust saltation threshold at the 
landing site [15] to infer if the vortex was dust laden. 
In total, over the 60 sols of Viking Lander 2, 38 vor-
tices have been detected. It is thought that a few of 
these vortices are false signals due to lander body in-
terference [1] but 6 of the 38 have sufficient wind 
speeds to entrain local surface material from the land-
ing site. Diurnal activity is similar to terrestrial behav-
iour, but with increased early morning activity, which 
it is inferred is probably due to a lower adiabatic lapse 
on Mars. Total number statistics seen here give a de-
tection rate of 0.6 vortices per sol, compared to recent 
results of 2 per sol seen by Mars Pathfinder [3]. These 
results illustrate how common convective vortices are 
on Mars and potentially how important dust devils are 
in shaping the martian surface. As a broad estimate, 
applying the Mars Pathfinder estimates of dust devil 

dust loading, the total amount of material lofted in the 
area of the Viking Lander 2 is of the order of 800 
kgsol-1km-2. This analysis is in agreement with the 
earlier study by Ryan and Lucich and adds to the pub-
lished data by providing data on the diurnal behaviour 
of convective vortices at the Viking 2 landing site. 
Further analysis is currently ongoing characterizing 
convective vortex events from the Viking Lander 1 
data. 
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BASALTIC ANDESITE OR WEATHERED BASALT: A NEW ASSESSMENT.  S. W. Ruff1, 1 Department of
Geological Sciences, Arizona State University, Tempe, AZ 85287-6305,    ruff@tes.asu.edu    .

Introduction:  One of the most significant results
to emerge from the Mars Global Surveyor Thermal
Emission Spectrometer (TES) is the observation of two
distinct thermal infrared (TIR) spectral units in the low
albedo regions of Mars [1].  One of these units has the
spectral characteristics of a plagioclase- and pyroxene-
rich flood basalt and is found mostly in the southern
highlands (Syrtis-type).  The second unit, which is
concentrated in the northern lowlands but is distributed
across the highlands as well, has been characterized as
a plagioclase- and glass-rich basaltic andesite (Acida-
lia-type).  While the basaltic identification for the Syr-
tis-type spectrum is accepted widely, the andesitic
characterization of the Acidalia-type spectrum is the
source of considerable debate.  One reason for this
debate is the argument that the production of volumi-
nous andesite requires plate-tectonic subduction [2],
which is lacking on Mars.  Several alternative hypothe-
ses have been presented to explain the apparent ande-
sitic character of the Acidalia-type spectrum.  These
include: oxidation and recrystallization of a SNC-type
basalt [3]; weathering of basalt to produce clay miner-
als[2]; silica coating on basalt [4]; and palagonitization
of basalt[5].  In all of these cases it has been shown
that alteration of a precursor basalt can yield a spec-
trum that resembles the Acidalia-type spectrum.  While
such explanations dispense with the idea of large vol-
umes of basaltic andesite on Mars, they require a proc-
ess by which some of the basaltic materials on Mars
become altered while some remain relatively pristine.

The basis for the ambiguity in the basaltic andesite
identification lies in the fact that mineral glasses, both
volcanic or authigenic, and some clay minerals have
significant spectral overlap in the TIR wavelengths [2].
Recently it has been shown that some zeolites [6] and
palagonites [5] also have overlapping spectral features.
While it may be impossible to differentiate unambigu-
ously between some of these candidates because their
spectral differences are so subtle, in other cases it may
be more feasible.  As was noted by [2] and [6], some
of the candidate clay minerals for Mars have distinc-
tive spectral characteristics in a portion of the TIR
spectrum that has been excluded in atmospherically-
corrected TES spectra because of the absorption of
atmospheric CO2.  The excluded region is wider than
necessary in an effort to avoid the confounding effects
of CO2.  However, CO2 opacity remains relatively low
in the region of the critical distinguishing features be-
tween clay minerals and glasses.  Careful scrutiny of
non-atmospherically-corrected TES spectra may serve

to distinguish between the two.  This work presents an
initial assessment of whether montmorillonite and
some other clay minerals are present on the martian
surface.  While such work is not sufficient to settle the
andesite debate, it does shed light on the viability of
some of the alternative hypotheses.

Spectral Details:  The Syrtis- and Acidalia-type
spectra identified by [1] are shown in Figure 1.  It is
clear that the Acidalia-type spectrum has fewer spec-
tral features than the Syrtis-type spectrum, which is
part of the reason it lacks an unambiguous lithological
identification.

Figure 1.  The two volcanic-unit spectral classes identified
by [1].  The 465 cm-1 feature is described in the text.

Figure 2 shows the Acidalia-type spectrum along with
a set of laboratory spectra of candidate materials with
similar spectral characteristics.  The common features
are the prominent V-shape centered at ~1100 cm-1 and
a secondary feature centered at ~465 cm-1.  The mont-
morillonite spectrum has an additional feature at ~530
cm-1 that readily distinguishes it from the glass and
zeolite spectra.  However, this feature is within the
CO2 exclusion region of the atmospherically-corrected
TES spectrum and thus is not available for spectral
deconvolution analysis.  As shown by a typical non-
atmospherically-corrected TES spectrum (Figure 3), in
the region between the current lower limit of CO2 ex-
clusion at 508 cm-1 and 560 cm-1, the absorption by
CO2 is limited to a “hot band” at ~545 cm-1.  The
strong absorption of surface radiance by atmospheric
CO2 begins at wavenumbers > 560.  Because of this,
the presence of a spectral feature attributable to clay
minerals should be discernable in TES spectra.
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Figure 2.  Mars Acidalia-type spectrum compared with can-
didate materials of similar spectral character.

Figure 3.  Non-atmospherically-corrected average spectrum
of southern Acidalia.  Atmospheric CO2 absorption does not
become significant until > 560 cm-1.

Searching for Clay Minerals:  A series of candi-
date clay mineral spectra is shown in Figure 4.  In an
effort to match the general spectral characteristics of
the Acidalia-type spectrum, these laboratory spectra
were selected based on the presence of a V-shaped
feature in 1100 cm-1 region and a second feature at
~465 cm-1.  The latter feature is especially important
because it serves as a proxy for the identification of
Acidalia-type spectral regions on Mars.  This is shown
in Figure 5b which represents a global map of a spec-

tral index developed to identify the ~465 cm-1 feature
in non-atmospherically-corrected TES spectra.  For
comparison, the “andesite” map of [1] also is shown
(Fig. 5a).  From this comparison it can be seen that the
~465 cm-1 feature maps out the same regions of Acida-
lia-type spectral character as does the spectral decon-
volution technique employed by [1] but with the bene-
fit of improved signal to noise.  An obvious mismatch
is the inclusion of the hematite-rich locations at Me-
ridiani Planum and Aram Chaos in the index map.
This is due to the overlap of a hematite spectral feature
in the same spectral region as the index.

Figure 4.  Candidate clay mineral spectra compared with
Acidalia-type spectrum.

Because of the significance of the ~465 cm-1 fea-
ture as related to the Acidalia-type spectral unit, it is
reasonable to conclude that at least one of the compo-
nents of Acidalia-type material has a prominent feature
in this location.  As shown by Figure 2, glass and zeo-
lite have such a feature as does montmorillonite and to
a lesser extent, nontronite and Fe-smectite (Figure 4).
Each of these clay minerals also has a second absorp-
tion feature at ~530 cm-1 separated from the ~465 cm-1

feature by an emissivity peak.  The ~530cm-1 feature
falls within the CO2 exclusion region instituted by [1]
but well outside of any significant CO2 absorption.
Therefore it should be discernable in non-
atmospherically-corrected TES spectra.  An index for
this feature has been developed and a global map of
the index is shown in Figure 5c.
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Results:  The combination of the index maps de-
fined in the previous section is a necessary but not suf-
ficient strategy to identify certain clay minerals on the
surface of Mars.  A positive correlation between the
two indices would be good evidence for these clay
minerals.  As can be seen by comparing the two maps
in Figure 5, the northern lowland occurrences of the
Acidalia-type spectral unit are not matched by the
~530 cm-1 feature index.  Instead, this index maps out
portions of Syrtis Major, Terra Cimmerium, and other
highland, low albedo regions.  This distribution is at-
tributable to a feature in Mg-rich olivine that overlaps
that of the clay minerals used to define the index.  For
example, the prominent region of high ~530 cm-1 index
values in the location of Nili Fossae (NE Syrtis Major)
coincides with a known olivine anomaly [7, 8].  The
two hematite locales also are identified with this index
because of an overlapping spectral feature in hematite.

Conclusions:  Volcanic glass and some zeolites
and clay minerals are viable components of the Acida-
lia-type material.  A spectral feature at ~465 cm-1 is
common to all three candidates and the Acidalia-type
spectrum.  An index developed to identify this feature
in non-atmospherically-corrected TES spectra readily
distinguishes Acidalia-type spectral units from Syrtis-
type.  A second feature at ~530cm-1 is present in some
candidate clay minerals and has the potential to be
used to distinguish clay minerals from zeolites and
glass.  An index developed to identify this feature in
non-atmospherically-corrected TES spectra shows no
correlation with the index of the ~465 cm-1 feature,
diminishing the likelihood of the presence of certain
clay minerals in the Acidilia-type material.  This
weakens the case for weathered basalt as an alternative
to andesite in the northern lowlands of Mars.  How-
ever, because zeolite can form as the result of weath-
ering processes [e.g., 9, 10] and its spectral character
can be so similar to volcanic glass, it may be that
weathering or alteration of basalt has produced zeolites
rather than clay minerals.

Figure 5.  Global maps of TES spectral data.  (a) andesite
abundance map of [1]; (b) spectral index representing the
feature at ~465 cm-1 in the Acidalia-type spectrum; (c) spec-
tral index representing a feature at ~530 cm-1 found in some
clay minerals, olivine, and hematite.
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EVOLUTION OF VOLATILE-RICH CRATER INTERIOR DEPOSITS ON MARS. Patrick S. Russell1,
James W. Head1, Michael H. Hecht2, 1Department Geological Sciences, Brown Univ., Providence, RI 02912 USA,
2Jet Propulsion Laboratory, Pasadena, CA, USA. Patrick_Russell@Brown.edu.

Introduction:  Many craters on Mars are partially
filled by material emplaced by post-impact processes.
Populations of such craters include those in the cir-
cum-south polar cap region, in Arabia Terra, associ-
ated with the Medusae Fossae Formation, and in the
northern lowlands proximal to the north polar cap. In
this study, crater fill material refers to an interior
mound which is generally separated from the interior
walls of the crater by a trough that may be continuous
along the crater’s circumference (i.e. a ring-shaped
trough), or which may only partially contact the crater
walls (i.e. a crescent-shaped trough). The fill deposit is
frequently off-center from the crater center and may be
asymmetric, (i.e. not circular) in plan view shape.

Such craters associated with the Medusae Fossae
Formation are likely partially exhumed and contain
remnants of Medusae Fossae material that may be ig-
nimbrites [1], eolian materials  [2, 3], true polar wan-
der deposits [2], volatile-rich deposits [4], or volcanic
ash accumulation [5]. In Arabia, such crater fill has
also been interpreted as polar layered deposits associ-
ated with true polar wander [2] or lacustrine sedimen-
tary deposits [6]. The fill of craters around the south
pole is contiguous with south polar layered material,
which argues for a similar process of deposition [7]
with possible later exhumation of or flow into the cra-
ter [8]. Two craters at high northern latitudes contain
fill material but are well separated from the north polar
layered terrain: Korolev (73°N, 195°W; Fig. 1) and an
unnamed crater (77°N, 145°W). This configuration
suggests this fill material was also deposited in a simi-
lar manner to the polar cap materials [7] and may or
may not be remnants of a formerly more extensive
polar cap [9].

Motivated by assessment of the martian hydrologi-
cal cycle, especially the groundwater system, we have
previously examined northern lowlands craters for
signs that the associated impacts may have interacted
with the groundwater system [10,11]. Given the physi-
cal and thermal disruption of the ground associated
with impact, disruption of the subsurface cryosphere
could have allowed effusion of sub-cryosphere con-
fined groundwater into the crater under artesian-like
conditions [10,12]. In a globally interconnected hydro-
sphere-cryosphere system [12], this process would be
favored in the northern lowlands due low planetary
elevation, where hydraulic pressure head of the
groundwater system should be greatest [11]. Such a
scenario presents an alternative hypothesis for volatile-
rich crater fill in  northern lowlands craters. However,
the only large craters in the northern lowlands con-
taining significant fill material are most proximal to
the north polar cap [11]. Unless these impacts were

very recent, such that the volatile fill had not yet sub-
limated away [13], this non-random clustering near the
pole suggests polar-like processes are more likely re-
sponsible for their formation. By the same argument of
higher hydraulic heads at lower surface elevations in a
global groundwater system, impacts into high-
elevation circum-south polar terrain would not be ex-
pected to have accessed subsurface water. Remaining
favored hypotheses of formation of circum-polar crater
fill material include preferential deposition by polar-
like processes in isolated craters, or deposition con-
tiguous with, or part of, a formerly more extensive
polar cap [e.g., 9] by processes identical to those that
formed the polar cap. Given these theories of crater fill
formation by deposition from above, fill material in the
north and south polar regions is almost certainly rich in
volatiles, and even the fill of equatorial craters may
contain significant volatiles.

Volatile-rich deposits have the property of being
modifiable by the local stability of the solid volatile,
which is governed by local energy balance. Here we
test the hypothesis that asymmetries in volatile fill
shape, profile, and center-location within a crater result
from asymmetries in local energy balance within the
crater, due mainly to variation of solar insolation and
radiative effects of the crater walls over the crater inte-
rior. We first focus on Korolev crater [14] in the north-
ern lowlands. We then apply this model to other craters
in different regions. If asymmetry in morphology and
location of crater fill are consistent with radiative-
dominated asymmetries in energy budget within the
crater, then 1) the volatile-rich composition of the fill
is supported (this process should not be effective at
shaping volcanic or sedimentary deposits), and 2) the
dominant factor determining the observed shape of
volatile-rich crater fill is the local radiative energy
budget within the crater (and erosive processes such as
eolian deflation are not necessary).

We also use a geographic and energy model ap-
proach to specifically test the idea that material in par-
tially filled craters around the south pole may once
have been contiguous to the cap and may have been
sustained and modified by radiative processes specific
to the crater environment (as opposed to the surround-
ing plains) as the cap retreated.

Korolev Crater:  Korolev crater (~80 km diame-
ter) is superposed on Amazonian mantle material sur-
rounding north polar terrain [7]. While the crater is
circular, rim height is not uniform around its circum-
ference (Figs. 1-3). The rim is highest in the northeast
(-3.4 km) and lowest in the west (-4.2 km). The lowest
elevation of exposed floor is in the southwest (–6.2
km) (Fig. 1). The smooth-surfaced, roughly circular fill
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deposit within Korolev does not extend completely to
the interior walls of the crater, leaving an intervening
ring-shaped trough (Figs. 1-3). Relative to the crater’s
center, the fill deposit is displaced to the north and east
(Fig. 1), where it reaches closer to and higher up the
crater walls (Figs. 2, 3). The highest point of the fill
deposit (-4.7 km, roughly equivalent to the surrounding
plains) is also displaced in the same sense (Figs. 1-3).
The rim-to-floor depth expected at a fresh, unfilled
crater of Korolev’s diameter based on morphometric
relations of martian craters is 2.3 km [15] to 2.9 km
[16]. This range corresponds well with the observed
range of maximum and minimum rim-to-floor depths
(2.8 km and 2.0 km) using the floor elevation of the
greatest exposed depth and the maximum and mini-
mum rim elevations. This consistency in observed and
predicted fresh depths suggests that the actual deepest
point of the crater is not much deeper than the ob-
served elevation, -6.2 km. The maximum thickness of
the fill mound is then ~1.5 km [16].

Circum-South Polar Craters:  There are many
craters with fully or partially visible rims within the
polar layered terrain of the south polar cap, especially
on the half oriented towards 180° (e.g., Fig. 4). Around
the fringes of the cap, northern parts of crater rims are
fully exposed, while on pole-ward sides crater fill ma-
terial is still clearly contiguous with polar material
(e.g., Fig. 5). Up to ~ 12° of latitude from the edge of
the polar layered terrain are craters with fill material
isolated from polar material (e.g., Fig. 6). This isolated
fill appears to become less circular and symmetric at
greater distances, often located in the northern portions
of the crater (e.g., Fig. 7). These materials have been
mapped as extensions of polar layered material (Apl
[7]) or as ice and fine dune material possibly derived
from polar layered terrain and possibly covering polar
layered terrain material deposited in areas of low wind
velocity (Ad [7]).

Based on morphologic and topographic similarity,
and in some cases contiguousness, with polar layered
deposits, it seems likely that fill material may be of the
same composition, possibly deposited by the same
process. In this scenario, fill material was either 1)
deposited preferentially in craters rather than on sur-
rounding plains, or 2) once present in the plains as
well, as part of a larger polar cap, and preferentially
remains in the craters as polar material has retreated
from the plains. Fill material in craters partially visible
around the edges of the polar layered terrain appears to
be maintained by the same conditions maintaining the
surrounding, extra-crater polar layered terrain, unless
both materials are being deflated and the craters are
being exhumed. In some cases there is evidence that
physical flow of polar layered material contributed to
crater fill deposits [8]. Further north, craters not physi-
cally connected to the polar layered terrain contain less
fill, which is generally in the form of a circular mound.
Yet further north, crater fill is significantly less, occur-

ring only locally within craters. The observed trend of
decreasing fill amount with increasing northerly lati-
tude suggests that either deposition and equilibrium-
amounts of fill are less at more northern latitudes, or
erosive, sublimation, or ablation processes have been
more sever at more northern latitudes.

To constrain the formation and modification of this
fill material, we examine the radiative geometries and
properties unique to the crater interior environment
that may cause local energy balances to favor the pres-
ence of volatile-rich fill material in the craters over the
plains. To consider the hypothesis of preferential depo-
sition, we examine the concept of craters as cold traps,
noting that this should not be assumed as the shadow-
ing effects of crater walls are minimal at the centers of
large craters. To consider the hypothesis of remnant
volatile-rich material being left behind by a retreating
ice cap, we again compare the stability of ice in the
plains with that in a crater, but we also investigate
whether geometry and insolation asymmetries ex-
pected from modeling energy-driven sublimation proc-
esses can account for the observed asymmetries in
crater fill shape. As a proxy for evolution of the modi-
fication process, we use characteristic fill morpholo-
gies at increasing distance from the polar cap terrain. If
shape is largely consistent with these modeled proc-
esses, then the deposit is likely largely ice-rich, and
radiative effects may dominate over wind effects in the
size, location, and shape of such crater fill.

Energy Balance Model: Our approach to deter-
mine where and how much modification of an assumed
existing water-ice crater-fill occurs is to calculate the
main energy input and output pathways for a patch of
the surface and assume any excess input energy is
available for sublimation. The main processes involved
are as follows: 1) solar insolation, incremented by 5
minute intervals over a martian year, including the
slope and slope direction of the surface and the shad-
owing effects of the crater walls, 2) temperature-
dependent re-radiation from the surface, including the
geometric effects of the crater walls on reducing emit-
tance to the sky, 3) diffusion of heat into or out of the
body of ice below the surface, and 4) energy, if any,
available for phase change and sublimation [17]. By
iteratively calculating the energy balance of these
processes at different points within the crater, we can
determine the relative amount of sublimation at each
point.

In this investigation, we are interested in timescales
less than those of eccentricity and obliquity variations,
given the rapid rates of sublimation expected on Mars
[13], so we hold orbital parameters constant. The sen-
sitivity of the model and resulting crater-fill morphol-
ogy and asymmetry is assessed with respect to physical
and geometric parameters such as albedo, emissivity,
slope angle, atmospheric scattering (based on [18]),
proximity to the crater wall, crater wall height, subsur-
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face percent ice (and associated dependence on con-
ductivity, heat capacity, and density).

The relative role of incident solar radiation on dif-
ferently-facing slopes is dramatic. As expected at the
high northern latitude of Korolev, south facing slopes
receive more total yearly insolation, yet the maximum
daily insolation occurs on north-facing slopes due to
obliquity effects. With a nominal, non-dust storm, at-
mospheric optical depth of 0.5, incident insolation is
reduced by 10-30% when the sun is more than 10°
above the horizon [18]. Albedo can vary by a factor of
4 [17], which directly effects absorbed insolation. The
latter two effects affect the total amount of insolation,
while the first, and the geometry of the crater, affect
the relative distribution of insolation. Asymmetry in
insolation is clearly a candidate for being the major
control on volatile fill asymmetry. This is supported by
observation in a north-south profile across Korolev
(Fig. 2) showing a strong asymmetry in which fill is
concentrated to the north, consistent with more yearly
energy input from southerly insolation.

However, because insolation from the west and
east are similar, it is evident from the asymmetry in an
east-west profile of Korolev fill (Fig. 3) that other
factors are influencing fill morphology. In this case, a
strong east-west asymmetry in rim height (Fig. 3) sug-
gests that shadowing by a high rim may be a secon-
dary, or possibly locally primary, influence on volatile
fill stability.

A nearby high rim, however, will also decrease ra-
diative heat loss by reducing the angle of sky seen by a
surface [17]. Due to a thin atmosphere that is ineffec-
tive at convecting heat, the sky on Mars is very cold
relative to these crater walls. Thus, the greater the visi-
ble angle of sky, the more energy can be radiated
away, and the more the crater wall fills the field of
view, the less the effective emissivity [17]. This con-
cept of effective emissivity is summarized in the fol-
lowing equation: radiated energy = :

† 

(EsTsurf
4 -sTsky

4 ) * skyfraction +

† 

(EsTsurf
4 -sTcwall

4 ) *cwallfraction (1)

where E is emissivity of the surface, s is the Stephan-
Boltzman constant, and T is the temperature of the
surface, sky, and crater wall, respectively. The hemi-
sphere centered on the normal to the surface is divided
into that fraction which is open to the sky and that
which is filled, or “blocked” by the crater wall.

Conduction of energy into the subsurface is repre-
sented very simply by a one-layer slab the thickness of
the skin depth. It is assumed that, at each iteration of
time, this slab changes temperature based on its heat
capacity and the difference between its temperature at
the previous time iteration and the temperature at the
surface.

Future Application:  While absolute amounts of
sublimation may be attainable in the future, we are
currently mainly interested in what factors control the
asymmetry of the deposits, for which relative differ-
ences around the crater are sufficient. By modeling
Korolev with both a uniform rim and a more realistic
approximation of varying rim height, the role of rim
height in combination with azimuth orientation of fill
material slope will be assessed. By applying the model
to circum-south polar craters, we will test the hypothe-
sis that observed latitudinal trends in fill material mor-
phology result from modification by radiative proc-
esses of remnants of a retreated polar cap.

References:  [1] Scott, D. H., and K. L Tanaka (1982)
JGR 87, 1179-1190. [2] Schutlz, P. H., and A. B. Lutz (1988)
Icarus 73, 91-141. [3] Forsythe, R. D., and J. R. Zimbelman
(1989) Nature 336 , 143-146. [4] Head, J. W. (2001) LPSC
XXXII, Abstract #1394. [5] Hynek, B. M. et al. (2002) LPSC
XXXIII, Abstract #1408. [6] Malin, M. C., and K. S. Edgett
(2000) Science 290, 1927-1937. [7] Tanaka, K. L., and D. H.
Scott (1987) USGS Map I-1802-C. [8] Head, J. W. (2001)
JGR 106, 10,075-10,085. [9] Fishbaugh, K. E., and J. W.
Head (2000) JGR 105, 22,455-22,486. [10] Russell, P. S.,
and J .  W. Head (2002) G R L  2 9 ,  17,
doi:10.1029/2002GL015178. [11] Russell, P. S., and J. W.
Head (2002) Eos Trans. AGU Suppl.  F849. [12] Clifford, S.
M. (1993) JGR 98, 10,973-11,016. [13] Kreslavsky, M. A.,
and J .  W. Head (2002) JGR 107 ,  E12,
doi:10.1029/2001JE001831. [14] Head, J. W. et al. (2002)
Microsymposium 36, Abstract #MS031, Moscow, Russia.
[15] Pike, R. J. (1988) in Mercury, F. Vilas et al., eds., Univ.
Arizona Press, 165-273. [16] Garvin, J. B. et al. (2000) Ica-
rus 144, 329-352. [17] Hecht, M. H. (2002)  Icarus 156 , 373-
386. [18] Pollack, J. B. et al. (1990) JGR 95, 1447-1473.

Sixth International Conference on Mars (2003) 3256.pdf



Figure 4.  Crater rims visible, or partially visible, through
the south polar layered terrain. Main crater is 100 km wide,
at 75°S, 120°W. All images at roughly the same scale.

Figure 5.  Crater mostly exposed, but still half surrounded
with south polar layered terrain. Fill material is still contigu-
ous with polar terrain. Crater is 55 km wide, at 80°S, 124°W.

Figure 6.  Crater isolated from south polar layered terrain,
with circular fill material. Nearby fringes of polar layered
terrain visible at top. Crater is 70 km wide, at 78°S, 126°W.

Figure 7.  Craters with local, isolated, irregularly-shaped fill
material. These craters are furthest from the polar layered
terrain. Large crater is 50 km wide, at 74°S, 131°W.

Figure 1.  Gridded MOLA topography of
Korolev Crater.

S N

Figure 2.  South-north altimetric profile of Korolev Crater.

Figure 3.  East-west altimetric profile of Korolev Crater.
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Can MARSIS Measure the Low-Altitude Components of the Mars Magnetic Field?  A. Safaeinili,
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109,
ali.safaeinili@jpl.nasa.gov.

Introduction: Measuring the magnetic field anom-
aly of Mars at low altitudes (e.g. 100-200 km) can be
an interesting application of Mars Advance Radar for
Subsurface and Ionospheric Sounder (MARSIS).  Due
to a low HF operation frequency, the radio wave
propagating in the ionosphere of Mars, over the mag-
netic anomaly regions, will be affected and distorted
by the localized magnetic field.  This distortion in the
sounder signal is due to the Faraday rotation and pro-
vides information about the strength of the magnetic
field.  MARSIS is especially sensitive to the radial
magnetic field at altitudes where the electron density in
the ionosphere peaks (i.e. 100-200 km).  Consequently,
MARSIS is potentially capable of providing measure-
ments for the radial component of the magnetic field at
altitudes between 100 to 200 km that are normally out
of reach for orbital magnetometers (with the exception
of the aero-braking phase).  Such low-altitude meas-
urements would be complementary to already existing
measurements at 400 km by MAG-ER on Mars Global
Surveyor. This paper will explain the sensitivity of
MARSIS as a magnetometer and the method envi-
sioned to measure the radial magnetic field component.

MARSIS (Picardi et al.), the first major planetary
radar sounder, is the result of an international collabo-
ration between NASA, the Italian Space Agency (ASI),
and European Space Agency (ESA), and will arrive at
Mars in early 2004 for a two-year mission.  MARSIS
has a frequency range between 0.1-5.5 MHz and is
designed to penetrate the subsurface to a depth of a
few kilometers.  MARSIS’ primary objective is to map
and characterize the subsurface geological structure of
Mars, and search for subsurface liquid water reser-
voirs.  The secondary objective of MARSIS is to study
the ionosphere of Mars providing the most extensive
amount of data on Martian ionosphere to date.

In addition to MARSIS, a second radar sounder
named SHARAD (SHallow RADar) with operation
frequency of 15-25 MHz is under development.
SHARAD is an Italian instrument (Seu et. al) that will
fly on NASA’s Mars Reconnaissance orbiter in 2005.
SHARAD can also provide magnetic measurements,
however, it is not expected to be as sensitive as
MARSIS to magnetic field variations.

Figure 1: Radial component of the magnetic field at 400
km on Mars (from Connerney et al., 2001)

Magnetic Field Information In MARSIS Data:
MARSIS echoes will contain information on the local
magnetic field behavior.  Generally, MARSIS is most
sensitive to magnetic field when the electron density is
high.  However, even for orbits with night-time
pericenter passes, there will be a detectable Faraday
rotation for most magnetic anomaly regions including
the one at 180 longitude in the southern hemisphere.
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Figure 2:  Radial component of the Mars magnetic
field for a MARSIS orbit as a function of latitude.

Figure 2 shows the radial magnetic profile for
MARSIS orbit with pericenter at the southern hemi-
sphere (data from MAG_ER experiment data).  The
values are for magnetic field at 400 km altitude.  The
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relationship between the magnetic field and the Fara-
day rotation can be written as (safaeinili et al.)

† 

dY(w)
dz

=
qe

2mec
w p

2 (z)Br (z)

w w 2 - w p
2 (z)

,

where 

† 

qe  is the electron charge density, 

† 

me  is the
mass of an electron, 

† 

c  is the speed of light, 

† 

Br (z)  is
the altitude dependent radial component of the mag-
netic field, 

† 

w p (z)  is the altitude dependent plasma

frequency, and 

† 

w  is the angular frequency.  The total
Faraday rotation can be expressed as

† 

Y(w) ª 9.33*105 1
w 2 Br (z)ne (z)dz

0

h

Ú ,

where 

† 

ne (z)  is the altitude dependent electron density.
Since the electron density profile is concentrated in a
narrow range of altitude between 100-200 km, the
above integral can be approximated to by

† 

Y(w) ª 9.33*105 1
w 2 Br (z)ne (z)dz

h p -Dz

h p +Dz

Ú +e
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where 

† 

hp  is the location of the peak electron density

and 

† 

Dz  is the width of the region around the peak that i n-
cludes sufficient percentage of the electrons in the iono-
sphere (e.g. >90%) such that 

† 

e  can be made sufficiently
small.  An approximate value for the magnetic field at 

† 

hp

(~150 km) is given by

† 

Br (hp ) =
Y(w)w 2

9.33*105 ne (z)dz
hp -Dz

hp +Dz

Ú
An estimate for the electron content can be provided
from the dispersion characteristic of the radar chirp.
MARSIS has a relatively high fractional bandwidth
that allows for accurate estimation of the electron
content.  Figures 3 and 4 show the amplitude variation
of MARSIS signal due to the Faraday rotation for a
center frequency of 5 MHz and two different density of
electrons 

† 

I16 = 0.03 and 

† 

I16 = 0.5.  As shown in Fig. 3
and 4, at some points in orbit the Faraday rotation
causes a complete fading of the signal.  The rate of
variation in received signal energy depends on the rate
of absolute variation in the radial component of the
magnetic field.

In conclusions, it seems that by exploiting the above
stated relationship between MARSIS signal modula-
tion by the Faraday rotation and radial component of
the magnetic field, it is possible to use MARSIS sub-
surface sounding data for estimation of the radial com-
ponent of the Mars magnetic field, however, further
detail will have to wait until future work is carried out.
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Figure 3: MARSIS radar signal amplitude variation
due to the Faraday rotation for the magnetic region
shown in Fig. 2.  Signal is for MARSIS band 4 with
center frequency of 5 MHz and the total electron con-
tent is assumed to be 
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Figure 4: MARSIS radar signal amplitude variation
due to the Faraday rotation for the magnetic region
shown in Fig. 2.  Signal is for MARSIS band 4 with
center frequency of 5 MHz and the total electron con-
tent is assumed to be 
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I16 = 0.5.

The research described in this paper was carried out by the
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ogy under a contract with the National Aeronautic and Space
Adminstration.
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Introduction:  The volcanic plains of Mars have
long been thought to be analogous to the Snake River
Plains (SRP), Idaho, on Earth (e.g. [1-7]), primarily in
terms of the range of low shields, fissure eruptions, and
flows that coalesce to resurface large tracts of plains
regions. The Tempe region of Mars was usually the
most frequently cited analog prior to the Mars Global
Surveyor (MGS) and Mars Odyssey (MO) missions
(e.g., [1, 3-6]). Since the (MGS) Mission and the availabil-
ity of Mars Orbiter Laser Altimeter (MOLA) topography, it
has become clear that the number of shields and vents is far
greater than that estimated on the basis of prior image data
alone [e.g. 7-9], and that in many cases, the previously iden-
tified “shields” (e.g.[5, 6]) were actually only the steeper
summits of far more extensive edifices with shallow lower
flanks [7-13 ]. Also, while the overall global shield popula-
tion shows distinct global trends in topographic characteris-
tics with latitude that can be modeled with latitude-dependent
availability of water or water ice for hydro-magmatic com-
ponents of shield formation [7-9]. Since the Martian plains
volcanism features have a much larger extent than previously
suspected [e.g. 8-10] , and may even be geologically recent
[14-16] and are associated in some areas with fluvial and
hydrovolcanic features [17-19], the impetus for understand-
ing both Martian plains volcanism and its interactions with
water have grown significantly. Here, we are investigating
the range of topographic features observed within the SRP in

a quantifiable manner for direct comparison to the new Mar-
tian data on both a regional and a global basis, with particular
attention to topographic/geochemical correlations and pa-
rameter characteristics (such as the global flank slope with
latitude trends) that can be attributed to interactions of lava
and water or lava and ice.

Snake River Plains: Hundreds of small (<5  km basal
diameter) monogenetic tholeiitic basalt shields that generated
thousands of lava flow units dominate the Quaternary vol-
canic-sedimentary depositional sequence underlying the
eastern Snake River Plain of Idaho [20] (See Figs. 1 and 2).
The province is an east-northeast−trending topographic de-

pression, 600 km long and 100 km wide. Commingled lava
fields and intercalated sediment compose the upper 1−2 km

of the crust. Low-profile basaltic shields with shallowly slop-
ing flanks overlap each other and interfinger with sedimen-
tary deposits to produce a complex, discontinuous strati-
graphic sequence. Fig. 2 shows topographic profiles from
some of the shield types observed, which range from incipi-
ent shields or fissure flow fields to low profile shields to
shields with steeper topographic caps to dome shaped shields
[7, 19, 21]. Low-profile coalescent shields and the eruptive
mechanisms of eastern Snake River Plain basalts reflect the
“plains-style” volcanism mentioned above, where low-
volume, monogenetic volcanoes form from numerous scat-
tered vents. Each shield on the eastern Snake River Plain

Fig. 1. Shaded relief topography for the with mafic vents
and silicic domes indicated. Several of the more recent
major flow fields and their extents shown in dark gray.
(After Hughes, 2001)

Fig. 2. Examples of low profile, dome shaped and steep
summit shield types in the SRP (after Hughes et al., 2002).
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formed during a short time period of months or years
[20]. The short duration of such monogenetic erup-
tions may be attributed to a rapid drop in magma
pressure due to sluggish crustal response when the
source is tapped [20], and petrology suggests that
each one probably formed from a series of small
individual batches of magma [22-24]. Examination
of lavas in the field, using the naked eye and a hand
lens, clearly reveal a distinct textural change that
correlates with the slope break. Lavas collected from
the steep-summit region contain a meshwork of min-
ute plagioclase laths commonly with open spaces
between the laths. In contrast, lavas collected from
the shallowly sloping lower flanks of Table Butte
have few vesicles and fewer phenocrysts. Pinkerton
and Stevenson [25] quantify the effect phenocrysts
have on lava rheology: once lavas contain more than
~25 vol.% phenocrysts, the phenocrysts act to in-
crease lava viscosity. An increase in lava viscosity
could explain the steeper summit slopes. Geochemi-
cal analyses of the same lavas indicate that those
lavas comprising the steep summit regions of the
shields with caps (See Fig. 2)  are more fractionated
than those found on the shallower flanks of the
shield. There are no soil horizons or other similar
evidence indicating that there was a significant hiatus
between the emplacement of the shallowly sloping
flank lavas and those erupted at the steep-summit
region. We therefore propose that these lavas are the
product of a single magma chamber that evolved
with time and/or depth. These insights into the mag-
matic plumbing of small shields could be applied to
Mars if we were sufficiently confident in our inter-
pretations of terrestrial volcanic morphologies.

Martian Plains: As summarized above, it is
clear that the Martian volcanic plains have more
readily identifiable volcanic origins and features than
was possible before the MGS and MO missions. Fig.
3 shows three examples of volcanic plains regions:
Tempe-Mareotis, Syria, and Elysium/Cerberus
Rupes. All are now seen to be, with little doubt, of
volcanic origins, and we can use the detailed topog-
raphy to constrain edifice eruption styles, channel-
ized flow rates, and even vent locations [7-13, 17,
19, and others]. Individual volcanic landforms within
the plains-style volcanic fields can now be clearly
seen in the topography to have a wide variety of
landforms, ranging from spatter-rampart-like fissure-
fed fields, to low shields, to shields with “hats” or
steeper summit areas, as well as extensive sheet channelized,
and lava tube flows. It is clear that the relationship between
volcanism and subsurface water or volatiles on Mars is both
close and perhaps even ongoing, and that topographic data of
the volcanic features will be an unprecedented tool and con-

straint to help determine timing, emplacement mechanisms,
volatile interaction, source vents, and the extent of landform
types. Fig. 4 shows some of the edifice profiles in compari-
son to a SRP shield with cap, and Fig. 5 shows both detailed
topographic grid and profile data for an example of a Tempe-

Fig. 3. Shaded relief topography for the Tempe Mareotis, Syria, and
Elysium regional volcanic fields of Mars.
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Mareotis low shield and shield with a cap. These are clearly
analogous to the terrestrial examples shown in Fig. 2, and we
are systematically measuring all identifiable small martian
shields and the majority of SRP shields for a statistically
significant comparison to determine possible geochemical
variations.

Finally, Figs. 6 and 7 show some global trends (see
[7,8]) for Martian shield data. Some trends (like those
in Fig. 6a) can be modeled easily [8] with recently de-
fined near surface global water abundance variations
available to eruptions [see 26,27]. Fig. 7 shows pre-
liminary results for the Syria, Vastitas Borealis, and
Tempe regions for slope variations as a function of
latitude. Clearly, the Borealis region, with its near-pole
location has a strong latitude dependence of apparent
water interactions, but even the near equatorial features

in Fig. 6a show some regional water interaction evi-
dence [18]. Ongoing work within this study will fill in
these parameter relationships for each field It is hoped
that with new data for both terrestrial and martian vol-
canic features, the apparent geochemical and water
interaction relationships will be better constrained.

Conclusions: Our understanding of Plains-style volcan-
ism is changing for both the terrestrial type locality (SRP)
and for Mars. New topographic, geochemical and spacecraft
data that combines terrestrial and Martian characterization
efforts promises to help constrain not only possibly geo-
chemical variations within regions on Earth and Mars, but
also, perhaps, relative degrees of water interactions during
eruptions.

Fig. 5a. Shaded relief topography for a portion of the
Tempe Mareotis Examples of a shield with cap (A), low
profile shield (B), and  a fissure-fed lava field (C).

B
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C

25 km

Fig. 5b. Topographic profiles of features A and B. The
shield with cap (A) has a basal diameter of 45 km and a
height of 330m, while the low profile shield (B) has a
basal diameter of 41 km and a height of 70 m. The top
fissure field has a width of 18 km, and a height of 60m

V.E.=7 7 :1

        

5 km 
Feature A: Shield with cap

Feature B: Low profile shield

Fig. 4. Examples of profiles from (top to bottom), a
steep summit shield  and a low profile shield in Tempe
Mareotis, Mars, an low profile shield in Elysium, Mars,
and a steep summit shield in the SRP, Earth.
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Fig. 6a. Average flank slope as a function of latitude for
small martian shield volcanoes.
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Fig. 6b. Summit crater width as a function of latitude for
small martian shield volcanoes.
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Fig. 6c. Basal diameter as a function of latitude for small
martian shield volcanoes.
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Fig. 6d. Volume/Diameter as a function of latitude for
small martian shield volcanoes.
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Fig. 7. Examples of regional variations in flank slope as a
function of latitude for the Tempe Mareotis, Syria and
Vastitas Borealis volcanic fields.
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FROM TOPOGRAPHY PROFILE DIAGRAMS TO THE EVOLUTION OF OCEANUS BOREALIS:
PROPOSAL OF A STRATEGY THAT MAY RESULT IN THE FORMAL PROOF OF MARTIAN OCEAN
RECESSION, TIMING AND PROBABILITY.  G. Salamunićcar, AVL-AST d.o.o., Av. Dubrovnik 10/II, 10020
Zagreb, Croatia, Europe, gsc@ieee.org.

Introduction:  Papers about ocean on Mars pub-
lished after the proposal of Contact 1 and 2 [1], can
basically be divided into two groups. The first one is
based on shoreline theory, but unfortunately, shorelines
were not found in required amount. However, papers
from the second group, while mostly discussing
whether Contact 1 or 2 [2] is better approach, also
proposed many additional indicators that ancient ocean
may existed on Mars. Some of them are: spiral beaches
[3], sedimentation [4], hydraulic and thermal arguments
[5], outflow channels and features related to the evolu-
tion of standing bodies of water (polygons, lobate im-
pact craters) [6], features consistent with the shoreline
interpretation [7], impact craters [8], fluvial valleys [9],
MEGAOUTFLO hypothesis [10], MOLA data [11,
12], tsunami generation and propagation [13], glaciers,
fluvial channels and gullies [14], MGS data [15], ero-
sion features that might be ancient coastal terraces [16],
influence on planetary climate [17], etc. This is also in
consistence with other work done more recently [18],
including the proposal that in the early history of Mars
even larger ocean existed up to the named Contact 0
[19]. On the other side, discovery of large number of
buried impact craters all over the planet surface
[20-27], indicates that young sediment covers much
older surface all over the northern lowlands. While this
is very important discovery, it should be noted that it is
not a proof that ocean has not existed on Mars. E.g.,
very large impactor can leave crater even if ocean is 10
km deep. Heavy bombardment at the very early begin-
ning of the planet evolution could also create those
(possibly oldest) craters, at the time when surface of
the planet was too hot for water to exist in liquid state.
Even the much denser atmosphere that would include
the water from the hypothetical ocean can not protect
the surface from the impactors if the bombardment is
too strong. However, once this process is over and
surface of the planet cold enough so that water can
exist in the form of possibly large ocean, it would pre-
vent most of the impactors to leave craters over the
territory it covered. Even today, such global influence
on crater distribution has to be detectable using mathe-
matical analysis, as proposed in [28]. However, while
like any other mathematical theory the approach is ap-
plicable generally, it still needs to be formally proved
that it is also applicable to Mars. As the first step, To-
pography Profile Diagrams (TPDs) representation of
topography and correlated values were described [29,

30, 31] showing high correlation between density of
craters and topographic altitude. Additionally, it is also
shown that this correlation is not consequence of proc-
esses local to only some parts of planet surface, but of
some global process [32]. In this paper, possibility that
this global process was an ocean will be investigated.

From TPDs to the evolution of ocean: TPDs and
associated, Topography Profile Curve (TPC), Density-
of-Craters Curve (DCC), Filtered DCC (FDCC) and
Level-of-Substance-Over-Time Curve (LSOTC) are
described in [29]. DCC and FDCC can be computed in
more than one way, so they were additionally described
in [30] and [31]. In this paper, LSOTC will be further
elaborated. If the assumption that ocean primarily
caused noted correlation is correct, this curve actually
represents how level of ocean was changing over time.
Looking at Fig. 1, we can start with a point on FDCC
(full line) where we have 90% of the maximal density of
craters. The 10% smaller density of craters actually
means that until the time when 10% of craters were
already created, territory at this altitude was covered by
the ocean, and after this time it was not. The altitude
itself can be read from the associated (TPC) (dash-dash
line). Once this is done, we can construct point on
LSOTC (dash-dot-dot line), where x coordinate is time
measured as a percentage of craters already created,
and y coordinate value we can read from the TPC. Ac-
cordingly, for the each succeeding point from the DCC,
we can construct one point on LSOTC, and so we can
reconstruct the evolution of ocean over the complete
planet history. For TPDs from Fig. 1 used for the first
computations published in [28], results are shown in
Fig. 2 and 3. Later computation as shown on TPDs
from [29-32] offers more precise results, however the
principles described here are the same. It should also be
noted that ocean was modeled as something that offers
infinite resistance to impactors, while the real ocean
would have some finite resistance, meaning that actual
level of the ocean was even larger then here computed.
On the other side, atmosphere provides additional
shielding from impactors, meaning that if we take only
this additional factor also in computation, actual level
of the ocean was smaller that computed. Those errors
compensate one another, but not completely. Resis-
tance of the deep ocean is however much higher than
the resistance of the atmosphere and those errors dif-
ference. That means that even this simplest model of-
fers satisfying first approximation of the actual values.
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Conclusion: To prove that ocean existed on Mars
using some direct approach will perhaps never be pos-
sible. However, this can be done if it is possible to
prove that nothing except the ocean could have caused
correlation shown on TPDs. The first step is to enu-
merate everything else that at least in theory could have
caused found correlation, like e.g. atmosphere influence
[33], tectonic movements [34], lava flows, sediment,
etc. Then, the second step is to prove that no such al-
ternative physical process caused the correlation. If
both can be achieved, formal proof of Martian ocean
recession, timing and probability will be achieved too.
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Figure 1: TPDs for the topography without regions marked as red, 1/32° MOLA data and 9496 craters data-set.
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Figure 2: The computed level of the ocean for the time when 5% (9688 m), 10% (9688 m), 15% (9621 m),
20% (9554 m), 25% (9489 m), 30% (9422 m), 35% (9351m), 40% (9276 m), 45% (9141 m), 50% (6867 m),
55% (6569 m), 60% (6328 m), 65% (6157 m), 70% (5928 m), 75% (5660 m), 80% (5276 m), 85% (4742 m),
90% (4425 m), 95% (3901 m), and 100% (0 m) of craters was already created.
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Figure 3: The computed level of the ocean for the time when 10% (9688 m), 30% (9422 m), 50% (6867 m),
65% (6157 m), 75% (5660 m), 85% (4742 m), 90% (4425 m), 93% (4201 m), 95% (3901 m), 96% (3728 m),
97% (3501 m), and 98% (3107 m) of craters was already created.
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INTRIGUING DARK STREAKS ON MARS: CAN WE USE THEM FOR FORMAL PROOF THAT WE
ARE NEAR THE END OF LARGE CLIMATE CHANGE ON MARS?  G. Salamunićcar1 and Z. Nežić2, 1AVL-
AST d.o.o., Av. Dubrovnik 10/II, 10020 Zagreb, Croatia, Europe, gsc@ieee.org, 2Trg kralja Zvonimira 20, 48000
Koprivnica, Croatia, Europe, Zdravko.Nezic@ieee.org.

Introduction: After the initial proposal that crater
statistics based mathematical analysis can give us some
new information about the history of Mars [1], Topog-
raphy Profile Diagrams (TPDs) [2, 3, 4] were proposed
showing high correlation between density of craters and
topographic altitude. It was also shown that this corre-
lation is not consequence of processes local to only
some parts of the planet surface [5]. One possible ex-
planation is that large ocean caused this correlation,
which is consistent with the recent proposal that at the
early history of Mars even larger ocean existed than
previously believed named Contact 0 [6]. All this indi-
cates that large climate change happened at least once
during the Martian history. However, the theory that
Mars did not change a lot during the most of its History
is still the possibility many still investigate. However, if
it can be proved that we still have climate changes on
Mars, then it will also be most likely that we had cli-
mate changes in the past too. In this paper, some inter-
esting aspects of the dark streaks on Mars will be pre-
sented, that may be the key for the above question.

Figure 1: Viking orbiter image 748A12 taken in May
1978, while white outlines are location of two MOC
images obtained in 1999, as published in [8].

Newly formed dark streaks: On MOC image [7]
from Fig. 2, we have newly formed dark streaks ac-
cording to the image from Fig. 1 [8]. On Fig. 4, we also
have new dark streaks, according to the image from
Fig. 3, but formed in much smaller interval of time,
during the 0.92 Mars year interval [8]. Formation of
newly formed dark streaks was also recently presented
in [9], as shown on Fig. 5. The importance of this dis-
covery that formation of dark streaks is still active pro-
cess, is that now we have a hard proofs that there is
some process that is still active on the Martian surface.
If we can prove that this process can only be the conse-
quence of some other process, than we also proved that
this other process is still active. This can be particularly
important if this other process is something that could
play some major role during the Martian history, but is
still not proved by some other hard evidence. If it can
be proved that this other process still exists on Mars, it
will be much easier to accept the probability, or possi-
bly even to prove, that the same process could have
also existed earlier in the Martian history.

Figure 2: MOC images M09-04689 and M04-01105
from November and August 1999 as published in [8],
showing new dark slope streaks as indicated by arrows.
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Figure 3: MOC image AB1-11304 from February
1998, as published in [8].

Figure 5: MOC image SP2-37303 from June 1998 and
E02-02379 from March 2001 with two newly formed
streaks, as published in [9].

Global distribution of dark streaks:  As shown in
Fig. 6, the dark slope streaks are concentrated in the
high albedo regions of Tharsis and Arabia [10]. Ac-
cording to the [9], the dark streaks are also especially
common around Olympus Mons. Common to the both
cases is warmer temperature than average for the
planet. In the first case, we can see that marked regions
are close to the equator, while in the second case, we
may also have some geothermal activity [9]. On the
other side while there are many theories trying to ex-
plain Martian dark streaks [11, 9], it seams that most
sense have those based on the assumption that dark
streaks are somehow connected with the water sources.
Interesting is that warmer temperature and water
sources are related, indicating that this may be the case.

Figure 4: MOC image M09-04872 from November
1999, as published in [8], also showing newly formed
dark slope streaks as indicated by arrows.

Local distribution of dark streaks:  While it really
seams that dark streaks are connected with water
sources, there is one very important question regarding
this theory. It is related to the local distribution of dark
streaks, as shown in Fig. 7-10, and as it can be seen on
almost all images that contain dark streaks. Not only
that dark streaks are locally uniformly distributed, but is
almost a rule that they avoid part of the ground where
some previous dark streak was. On the other side on
Earth is almost a rule, that even the very small sources
of water are always at the same place, even those that
are active only in some particular parts of the year. The
question is then, if it is so on Earth, why on Mars we
do not have those newly formed streaks on places
where some older already was, and why this was also
not the case before, because otherwise we would not
have almost uniform distribution. Each flow of water,
even a very small one, makes with erosion this particu-
lar place more suitable for future flows. This is a reason
why on Earth, water-flows most usually do not signifi-
cantly change their location over time, which is conse-
quence of a process that is here on Earth cyclic. Water
can flow from some source, but the new water will
come from some other way, e.g. rain. According to
this, if streaks are water related, we would not have
uniform distribution of them, if water sources on Mars
are also cyclic. And that they are not can only be ex-
plained with climate changes. Before those changes,
water somehow came to the places where it is captured
now. In appropriate climate conditions, it can only just
flow away, to form some new dark streak, and leaves
the place without water, meaning without a possibility
for some new streak to be created leather.
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Conclusion: If Martian dark streaks are result of
water flaws, then, according to their uniform local dis-
tribution, they are also a proof that large climate change
did happened on Mars and that this process still has not
finished. This is the only possible explanation, which
includes flows of water that can be even very small,
with sources with limited amount of water that can not
be refilled from some cyclic process. However, we can
not exclude in advance, without hard evidence, that
something else than water flaw can be the origin of
dark streaks, no matter how unbelievable such an alter-
native can be. As an example we can take even some
life form. On Earth, insects can survive on driest places,
where rain is something that happens only once in sev-
eral decades, and there is no some alternative source of
water from the ground. However, on top of the dunes,
early in the morning small fluctuations of air cause con-
densation even where percentage of water in the at-
mosphere is minimal, providing to those insects just as
much as they need. Perhaps even smaller amounts of
water is sufficient for some simple life form, together
with sun-light and minerals in the ground, to have all
that it needs to survive. In such a case, streaks would
be globally distributed in regions that are warm, locally
distributed uniformly, and would be on positions just
dark streaks are at, like e.g. shown in Fig. 11. How-
ever, much more likely is that we have some small wa-
ter flows, which in such a case would also be a remark-
able achievement, proving also that recent climate
changes on Mars are still active. Those changes imply
that Mars could also have irreversibly lost large
amounts of water during its history, as shown in
Fig. 12. Magnetosphere of Earth protects our planet

from solar wind, while Mars does not have any more
sufficient magnetic field. Fast particles from solar wind
can blow away some particles of atmosphere into
space, which is irreversible process. Of importance will
also be if it is possible to prove that this process is still
active. Regarding the strategy for future Mars explora-
tion, all this suggests that rover should be sent on some
place where we have some newly formed dark streaks.

Figure 12: Interaction between solar wind and mag-
netosphere of Earth.
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Figure 6: Global distribution of dark streaks shown as red regions, according to the results published in [10].
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Figure 7: MOC image E0402109.

Figure 8: MOC image E0402259.

Figure 9: MOC image E0200308.

Figure 10: MOC image E0200308. Figure 11: MOC image E0400556.
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IMAGE PROCESSING ALGORITHMS FOR VISUALIZATION OF QUASI-CIRCULAR-DEPRESSIONS:
A STEP TOWARD THE AUTOMATIC PROCESS OF DETECTION AND CLASSIFICATION OF
MARTIAN BURIED IMPACT CRATERS.  G. Salamunićcar1 and D. Selar-Glavočić2, 1AVL-AST d.o.o., Av.
Dubrovnik 10/II, 10020 Zagreb, Croatia, Europe, gsc@ieee.org, 2Karojba 35, 52423 Karojba, Croatia, Europe,
diana.glavocic@post.hinet.hr.

Introduction: After the initial proposal that craters
statistics based mathematical analysis can give us some
new information about the history of Mars [1], Topog-
raphy Profile Diagrams (TPDs) [2, 3, 4] were proposed
showing high correlation between density of craters and
topographic altitude. Additionally, it was shown that
this correlation is not consequence of processes local to
only some parts of the planet surface [5], what gener-
ally can cause for some altitude lover average density of
craters. Such global correlation indicates that there was
also some global physical process that caused it. All
present explanations that something else than the large
ocean caused this correlation, does not offer acceptable
theory. This is also in consistence with other recent
work that proposes that even larger ocean existed then
proposed as Contact 1 and 2 [6, 7], named Contact 0
[8]. On the other side, discovery of large number of
buried impact craters all over the planet surface [9-16],
indicates that significant sediment covers much older
surface all over the northern lowlands. While this does
not exclude possibility of the ancient ocean (e.g. very
large impactor can leave crater even if ocean is 10 km
deep), discovery of buried impact craters is very im-
portant for understanding Martian history as well as for
the any methodology based on craters statistics. For
both reasons, it is of importance all Martian buried
craters to be found and classified [17]. Automatic proc-
ess particularly with this class of craters can be of large
help, not only to help in detection of some of craters
that could be overseen, but also to help decision what is
and what is not buried impact crater to be more objec-
tive. As the first step in this way, in this paper image
processing algorithms for better visualization of Quasi-
Circular-Depressions (QSDs) were proposed, offering
some new capabilities according to the tools used for
search of QSDs described in [18, 19, 20].

MOC image and MOLA profile:  In Fig. 1 QSD is
shown as marked in [10]. While it is not visible on
MOC image from Fig. 3 [21], MOLA profile shown in
Fig. 2 offers indication that there may be QSD
(46.414062°W, 26.789062°N, 2.63617163°r≅156 km).

Figure 1: QSD that may be buried impact crater.

Figure 2: Profile AB  (8374, 4153) to (8720, 3940).

Average shadowing strength: The algorithm is
defined with the Eq. 1 to 11. Coordinates of point are x
and y and altitude in meters in this point is alt. Gradi-
ents g1, g2, g3, g4, g5, g6, g7 and g8 represents E, NE, N,
NW, W, SW, S and SE direction. For 1/64° width is
23040. The offset is 0, and c represents RGB color
component of color scale. Results are shown in Fig. 3.
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Enlarged shadowing strength: The algorithm is
the same as in the previous case, except that larger off-
set can be used. Results are shown in Fig. 4.

Stretching scale colors: Color scale can be
stretched to some particular altitude range so that we
can better visualize topography of some particular area.
Result is shown in Fig. 4 (middle).

Cyclically stretching RGB colors: Additionally,
we can use red, green and blue colors only but cycli-
cally stretched over all altitudes. Result is shown in
Fig. 5 (top-left). For selected range, altitude difference
between two same colors is 30 m, and altitude width of
some particular color is 10 m.

First derivation of surface: The algorithm for de-
tection of gradient changes is defined with the Eq. 12
and 13, and result is shown in Fig. 5 (top-right).
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Directional first derivation of surface: The algo-
rithm for detection of gradient changes in direction
from QSD center (in our case 8549, 4045), is defined
with the Eq. 14, 15 and 13. Result is shown in Fig. 5
(middle and bottom). When drawn in color scale, green
color represents positive and red negative gradient.
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Figure 3: 1/64° MOC image (middle) and average shadowing strength rendering (designed to be as similar as possi-
ble to those in use by others) using 1/64° MOLA data for offset 0 and directions NW, N, NE, W, E, SW, S and SE.
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Conclusion: The enlarged shadowing strength al-
gorithm with combination of stretching color scale offer
visualization of QSDs where even differences of few
meters in altitude are clearly visible, while first deriva-
tion of surface algorithm can also be used for search of
tectonics signatures on the surface, past lava flows, etc.
Algorithm directional first derivation of surface is op-
timized for some particular point, and intended for use
in future work on the automatic process of detection
and classification of Martian buried impact craters.
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XXXIIII, Abstract #1421. [6] Parker T. J. et al. (1989)
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Figure 4: Rendering enlarged shadowing strength using 1/64° MOLA data for offset 10 and directions NW, N, NE,
W, NE (but in color scale stretched from –3900 m to –3600 m), E, SW, S and SE.
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Figure 5: Rendering using 1/64° MOLA data for: offset 10, directions NW and RGB color scale cyclically
stretched from –4000 m to –3970 m (top-left); first derivation of surface in gray scale (top-right); and direc-
tional first derivation of surface from crater center for δ of 1 (middle and bottom left) and 11 (middle and
bottom right) in gray (middle left and right) and color scale (bottom left and right).
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MCMURDO CRATER: A UNIQUE IMPACT EVENT ON THE SOUTH POLAR LAYERED DEPOSITS   
E. L. Schaller1, B. C. Murray1 and S. Byrne1, California Institute of Technology, MC 150-21, Pasadena, CA 91125, 
emily@gps.caltech.edu, bcm@gps.caltech.edu, shane@gps.catlech.edu.  
 

 
Introduction: McMurdo crater is a 23 km diameter 

impact crater located on the edge of the South Polar 
Layered Deposits (SPLD) at -84. S, 0W.  It is the larg-
est fresh impact crater on the SPLD and has a secon-
dary field that extends over approximately 100 km 
across Planum Australe to the south.  The northern half 
of McMurdo opens to the low lying plains on which the 
secondary field has been completely removed (Fig. 1).   

Understanding the formation and evolution of the 
SPLD is an important step toward unraveling Martian 
climate history.  The SPLD, with their characteristic 
layering and young apparent age, suggest that recent 
climate change has occurred on Mars [1,2].  McMurdo 
and its secondary craters are important stratigraphic 
markers which can shed light on the modification his-
tory of the SPLD.  
 
 

Surface modification of the SPLD: Crater studies 
across the SPLD have estimated a surface age of be-
tween 10 Ma and 100 Ma [3,4].  Measurements of the 
depth to diameter ratios of 800 m and larger craters on 
the deposits show that most SPLD craters are ex-
tremely shallow [4].  These observations could be ex-
plained by either a resurfacing event or by viscous re-
laxation of craters [5].  However, in the 100-700 m size 
range, [4] found three orders of magnitude fewer cra-
ters than the expected number derived from the calcu-
lated surface age.  The lack of small craters argues 
most strongly for a recent shallow resurfacing event 
that erased small craters.  Based on the 700 m and 
smaller craters, which all appear relatively fresh, this 
resurfacing event has been calculated to have occurred 
as recently as 100 Ka ago [4].   
 
 

Fig. 1. MOLA shaded-relief of McMurdo Crater and its secondary crater field 
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Using estimates of SPLD cratering rates derived from 
[3,6], one would expect a McMurdo-size impact on the 
area of the SPLD approximately every 90-180 million 
years.  The presence of the McMurdo secondary crater 
field has been suggested to imply relatively slow rates 
of modification of the surface of the SPLD [7,8].  
However, if the surface of the SPLD has not been 
modified significantly for the past 100 Ma, one would 
expect to find numerous small primary impact craters 
across the deposits as discussed above.  The fact that 
we don’t find numerous small primary impact craters, 
yet can still recognize McMurdo secondaries of all 
sizes, could suggest that the McMurdo impact hap-
pened very recently (within the past 100 Ka).  An addi-
tional line of evidence suggesting a young age for 
McMurdo is that the crater and its secondaries reside 
on the highest and presumably youngest surface of the 
SPLD and that secondaries are found on the current 
residual cap.  It is surprising to suggest that one of the 
largest impact craters is also one of the most recent.  In 
order not to postulate such a young age for McMurdo, 
we need to explain how these secondary craters have 
been preserved when other impact features have been 
eroded.  Possible explanations might include burial and 
subsequent exhumation of McMurdo and its seconda-
ries or different surface modification rates on different 
parts of the SPLD.  

Approach:  In order to shed light on these interpre-
tations, this study presents a detailed morphological 
examination of McMurdo, its secondary craters and 
ejecta blanket to quantitatively determine the extent to 
which modifications have occurred.  We also test for 
any evidence of viscous relaxation of McMurdo which 
would have independent age implications and perhaps 
help determine if significant blanketing and stripping 
has taken place.  We combine MOC and THEMIS im-
ages with topographic datasets from MOLA using a 
geographic information system package (GIS), Arc-
view, developed at Caltech for Mars polar use [9].   

It has been suggested that a mantled unit covers part 
of the secondary field, degrading the secondary craters 
in these locations [6].  We map this unit and determine 
its thickness from depth to diameter ratios of secondary 
craters measured in different locations across the sec-
ondary field.   In addition, we examine the morpholo-
gies of  smaller secondary craters and crater ejecta 
piles using MOC and THEMIS images projected into 
the Arcview system  (Fig. 2). 

In summary, quantitative geomorphology of 
McMurdo crater, its secondary crater field and ejecta 
blanket provide critical insight into the age of the 
McMurdo impact and the surface modification history 
of the SPLD. 

  
Fig 2.  MOC NA image E05-03431 showing several 

McMurdo secondary craters (approximately 58 km east of 
McMurdo).  The crater in the bottom of the image appears to 
be more degraded than those on the top. 
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stract # 4101. [8] Kolb E. J. and Tanaka K. L. (2001) 
Icarus, 154, 22-39. [9] Byrne, S. and Murray, B. C. 
(2002) JGR, 107, (E06). 
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The SEIS experiment : a Mars seismic package

SEIS experiment : This experiment will integrate a VBB (Very 
Broad Band)  two axis seismometer, a three axis Short Period seismometer 
and a series of environmental sensors for pressure, infra-sounds and 
temperature.
IPGP (France) has the overall responsibility of the experiment and is 
responsible for the VBB and environmental sensors. ETHZ (Switzerland) is 
responsible for the electronics of the experiment and JPL (USA) for the SP 
(Short Period) sensors. SEIS instrument was first proposed and accepted for 
NetLander mission (and will also be in charge of data acquisition for 
SPICE experiment). This seismic package should also be proposed for 
future missions : MSL 2009, Scout 2011,

Scientific objective : The SEIS instrument will perform both the 
seismic and tidal measurements. It was proposed by a large team of scientists, 
mostly involved in Earth seismology and Earth tides. The seismic data 
analysis will determine the mean values of the shear and bulk elastic moduli
and seismic attenuation as a function of depth, mainly from the transmitted 
phases. The reflected phases will mainly constrain the position of the 
interfaces between the mantle and core, the state of the core, the position and 
characteristics of mantle discontinuities and crustal thickness.

Technical description : The overall mass of the SEIS experiment is 
2.3 kg, including all sensors and the data control processor. Acquisition 
will be performed by a series of 24 bits A/D, while the thermal and drift 
control will be performed by a feedback generated by a 24 bits D/A.
The sensors package will allow :
- to measure signals in an ultra-broad band, from the tidal frequencies (0.05 
mHz) up to the short period frequencies (50 Hz)
- to perform environmental decorrelations of the temperature and pressure 
variation on Mars, allowing the sensor to operate in a thermal environment 
with daily variations of about 40°K
- to search for infra-sounds which might be associated to dust devils and 
atmospheric discharge.
The SEISmometer is protected against direct wind by housing and is  
uncoupled from the lander. Petals produce shadow around the sensor. 
Direct contact with ground is obtained by 3 spikes.

P. Schibler1, P. Lognonné1, D. Giardini2, B. Banerdt3 , J.F. Karczewski1,
D. Mimoun1,P. Zweifel2, T. Pike4, J. Ammann1, A. Anglade1, A. Desautez1,
T. Gabsi1, J. Gagnepain-Beyneix1, D. Mance2, G. Pont5, O. Pot1, N. Striebig1,
H. Vacherat1, F. Weber2(4) : Imperial College London

(5) : CNES
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Data transmission : We expect a daily transmission of LP data (1 sps) 
for a volume of 2.5 Mbits/day. The seismometer team, in at least two 
geographical locations, will perform the quick-look on the Earth of these 
data, in order to maximise the turn-around time during regular shift hours 
(Paris and Pasadena, UT+1 and UT-8). From these data, a set of time will be 
identified, and a table of parameters will be up-linked to each of the 4 landers
in order to flag and to save the interesting data in the main memory of the 
CDMS (e.g. when quakes are tentatively identified). The corresponding VBB 
(20 sps) and SP data (100 sps) will then be progressively sent at a rate of 
about 5 Mbits/day. 

The geophysical package will sound  the deep interior (D) and the subsurface (S) 
with the following multi-parameters approach
- Seismometer (SEIS, seismic velocities and attenuation, D, S)
- Seismometer and infra-sounds (SEIS, compliance and shear modulus, S)
- Magnetometer (MAGNET, electrical conductivity, D, S)
- Ground Penetrating Radar GPR (permitivity, S)
- SPICE  (Thermal conductivity, S)
- Geodesy experiment, NEIGE ( density, D)

Nine Instruments selected by an AO in 1999, grouped in 4 Packages : 
Geophysics, Atmospherics, Ionospherics, Mineralogy/Geology

PANCAM ELF ATMIS

NEIGE

GPR

MAGNETSEISSPICE

MIC

NetLander 2009 : The NetLander mission will deploy in 2009 a network of 
4 geophysical stations on Mars for one Martian year of operation. 

Reference : Lognonné P. & B. Mosser, Planetary Seismology, 14, 239-302 Survey in Geophysic, 1993. P. Lognonné et al. 
The NetLander Very Broad band seismometer, Planet. Space Sc., 48,1289-1302, 2000.

Web: http://ganymede.ipgp.jussieu.fr/homeng/projects/netlander/sismo/, http://orfeus.knmi.nl/newsletter/vol2no2/

Contact : schibler@ipgp.jussieu.fr - lognonne@ipgp.jussieu.fr

The SEIS experiment : a Mars seismic package
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Mars Noachian 
Schneck Therese Ph.D.1977 Civil Engineer. 

 
         The early universe during its first years was opaque to the electromagnetic radiation. 
          
         The light we are presently observing from large quasars group over 9 billion light years 
away had to cross such a distant to reach us that it actually left the group before the earth was 
formed.The Degree Angular Scale Interferometer(DASI) based near the South Pole produced 
detailed maps of CMBR variation and polarization:the shape of spacetime is flat. 
 
         The sun is surrounded by a plasma not fully ionized and the velocity of the electromagnetic 
radiation is reduced when moving through such a medium.Solar UV radiation increase from solar 
minimum to solar maximum. 
 
         Atmospheric CO2 has varied considerably at the Ordovician on Earth.An inventory was 
made to establish a curve transition between atmospheric carbon dioxide and atmospheric oxygen 
at Late Ordovician- Early Silurian 430 Million years ago. Solar physics models have suggested 
that short term solar output cause a solar luminosty 4.5 percent less than today. 
        
         On Mars, the release of CO2 consistent with Hawaiian basaltic lavas and H2O to the 
atmosphere from magma erupted and during Tharsis formation could have produced the 
integrated equivalent of a 1.5 bar CO2 atmosphere.The martian meteorite ALH84001 has retained 
noble gases for 4 billion years.The magnetic dichroism or spin polarized light in 
iron,magnetite(Fe3O4),formed anerobically with the loss of carbon dioxide and oxidised in a 
redox reaction Fe2+ to Fe3+, by loosing electron.The magnetite and the weathered carbonate 
reflectance spectra exhibit distinctive narrow features.The magnetosphere of Mars and the 
atmosphere rise ceased at the end of the Noachian (between 4.4 and 3.8 billion years ago) before 
the end of heavy bombardement. 
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THE CARBON CYCLE, CLIMATE VARIABILITY AND THE FATE OF AN EARLY MARTIAN OCEAN.  
D. P. Schrag1 and M. T. Zuber2, 1Department of Earth and Planetary Sciences, Harvard University, Cambridge, MA  
02139 (e-mail: schrag@eps.harvard.edu, 2Department of Earth, Atmospheric and Planetary Sciences, Massachusetts 
Institute of Technology, 54-518, Cambridge, MA  02139-4307 (e-mail: zuber@tharsis.gsfc.nasa.gov).  
 
 

Introduction:  The surface of Mars preserves the 
record of a past climate in which liquid water was sta-
ble and apparently abundant [1].  We seek to under-
stand the planetary-scale control of climate through the 
study of climatic perturbations and their relationship to 
the carbon cycle on Earth, making basic geological and 
geochemical observations and then comparing these 
data with simple models of biogeochemical cycles.  We 
have previously applied this approach to a range of 
geological situations on Earth including the Neopro-
terozoic glaciations (i.e., Snowball Earth) [2,3] and a 
new theory for what causes oscillations in CO2 and 
climate on ~100 million year time scales [4].   

Water and the Present Climate: Water is an es-
sential ingredient for regulating climate.  On Mars, as 
on Earth, there is substantial water on the surface at 
present, but it exists not as liquid water but as residual 
polar ice caps. Altimetric observations from the Mars 
Global Surveyor spacecraft showed that the Martian 
polar caps collectively contain the equivalent of ap-
proximately 85% the water in the Greenland ice sheet 
[5-7].  Mars has also long been thought to contain wa-
ter ice in the subsurface [e.g., 8], and recent observa-
tions from the Mars Odyssey spacecraft have identified 
a substantial amount (in excess of 50 weight %) in the 
upper 2 meters of the Martian crust [9-11].   

The CO2-rich atmosphere with 6 mb surface pres-
sure is inadequate to keep Martian surface tempera-
tures above freezing, (except, in the current epoch, for 
local equatorial areas for brief periods).  What has lim-
ited the accumulation of atmospheric CO2 is not sili-
cate weathering, but rather the lack of a modern vol-
canic source of CO2.  If volcanism existed on Mars 
today as it likely does on Venus, CO2 would accumu-
late in the atmosphere until the ice caps melted.  This 
in turn would limit the continued rise of atmospheric 
CO2 through the silicate weathering feedback. 

Water and the Early Climate: Although liquid 
water is not stable at the surface today, there are a large 
number of observations that suggest that liquid water 
existed at least episodically at various times throughout 
Martian history [1].  Although most morphological 
evidence for liquid water on Mars is consistent either 
with episodic and rapid release of water at the surface, 
or else with liquid water in the subsurface that results 
in chemical weathering reactions, the presence of val-
ley networks and the degradation of impact craters on 
ancient surfaces of late Noachian age imply weathering 

and erosion by liquid water at the surface, in some ar-
eas for substantial periods [e.g., 1, 12].  

One particularly interesting aspect of Martian sur-
face geology is the apparent discrepancy between the 
geological evidence for water on Mars during the Noa-
chian and the lack of calcium carbonate on the surface 
[13].  If a large body of liquid water on Mars persisted 
for millions of years or longer, the high CO2 atmos-
phere would form carbonic acid, and react with the 
silicate crust, producing abundant calcium carbonate.  
However, carbonate minerals have not yet been de-
tected on the surface in sufficient quantities to be con-
sistent with this hypothesis [14].   

The Carbon Cycle and The Early Ocean:  A po-
tential explanation for the observations is the possibil-
ity that climate episodes warm enough to maintain an 
active hydrologic cycle endured only long enough to 
produce the erosional features, but not long enough for 
calcium carbonate to reach saturation.  Consider a sce-
nario in which volcanic outgassing peaks during the 
Noachian, plausibly associated with the emplacement 
of a substantial fraction of the massive volcano-
tectonic Tharsis rise [15].  Such a volcanic event would 
have liberated significant water from the interior and 
raised atmospheric CO2.  In this case, fresh water 
would flow to topographic lowlands, with crustal water 
and perhaps precipitation in highlands replenishing the 
fluvial systems [cf. 16].  Silicate weathering would 
commence, with streams and rivers bringing alkalinity 
from the sites of silicate weathering to the low-lying 
basins, exactly as they do on the Earth today.  How-
ever, the delivery of alkalinity to the fresh water oceans 
would have a large effect on the atmospheric composi-
tion. 

Fresh water with no alkalinity can hold very little 
dissolved inorganic carbon.  As alkalinity increases, the 
pH rises, and more and more carbon enters the solu-
tion.  On Mars, the result of the formation of large 
freshwater ocean would be the transfer of carbon from 
the atmosphere into the ocean as silicate weathering 
proceeded.  The limit on alkalinity build-up in the Mar-
tian seawater would come when calcium carbonate 
became supersaturated and began to precipitate.  How-
ever, if the ocean volume were of large enough mass 
relative to the atmosphere, the uptake of CO2 would 
have the potential to reduce atmospheric pCO2 suffi-
ciently to lower the greenhouse forcing and plunge the 
planet back into a frost long before calcite saturation 
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was ever reached. 
We are currently modeling this scenario for differ-

ent ocean volumes [e.e., 7, 17]  and different atmos-
pheric CO2 concentrations.  The calculations assume 
simple calcium silicate chemistry for the crust and use 
equilibrium constants appropriate for the system CaO-
CO2-H2O.  The critical assumption made here is that 
volcanic outgassing at this time was not ongoing at a 
sufficient rate to replace whatever CO2 was lost from 
the atmosphere by ocean uptake.   

In our model, the lack of observed abundant cal-
cium carbonate on Mars today is due simply to the fact 
that oceans on Mars never lasted long enough for alka-
linity to build up to saturation.  The idea that carbon 
uptake by a Martian ocean would provide a sufficient 
negative feedback to destabilize an equable Martian 
climate is highly speculative.  It represents one possible 
solution to the apparent contradiction between the clear 
evidence that liquid water existed on the Martian sur-
face during the late Noachian and the low level of cal-
cium carbonate so far detected on the Martian surface 
[13, 14].  Another class of hypotheses that we are ex-
ploring involves the possibility that calcium carbonate 
deposits were formed on the floor of a Martian ocean, 
but subsequent percolation of water into the subsurface 
dissolved the deposits, precipitating carbonate minerals 
in veins in the subsurface.   
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ence, 281, 1342-1346. [3] Hoffman, P.F. and D.P. 
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Icarus 154, 40-79.  [9] Boynton W.V.  et al. (2002) 
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HYDROPHOBIC SURFACES OF SPACECRAFT COMPONENTS ENHANCE THE AGGREGATION OF 
MICROORGANISMS AND MAY LEAD TO HIGHER SURVIVAL RATES ON MARS.  A. C. Schuerger1 
and R. G. Kern2, 1Dynamac Corporation, Mail Code DYN-3, Kennedy Space Center, FL 32899, 
schueac@kscems.ksc.nasa.gov; 2Jet Propulsion Lab, Mars Exploration Directorate, Pasadena, CA 91109. 

 
Introduction:  Inorder to minimize the forward 

contamination of Mars, spacecraft are assembled under 
cleanroom conditions that often require several proce-
dures to clean and sterilize components.  Surface char-
acteteristics of spacecraft materials may contribute to 
microbial survival by protecting spores from sterilizing 
agents, including UV irradiation on the surface of 
Mars.  The primary objective of this study was to 
evaluate the effects of surface characteristics of several 
spacecraft materials on the survival of Bacillus subtilis 
spores under simulated Martian conditions.  

Methods:  Endospores of Bacillus subtilis HA-101 
were grown in a liquid sporulation medium, washed, 
and concentrated according to the procedures of 
Mancinelli and Klovstad [1].  Monolayers of 
B. subtilis endospores were prepared on spacecraft 
materials by depositing 1.25 x 106 endospores in 100 
µl of sterile deionized water (SDIW) to the upper sur-
faces of 1-cm2 coupons.  Eight spacecraft materials 
were used for these studies and included: two brands 
of uncoated aluminum 6061-T6, graphite, astroquartz, 
chem-film (i.e., alodine) treated aluminum, clear-
anodized aluminum, black-anodized aluminum, and 
stainless steel.  Spacecraft materials were UV-
sterilized for 1 hr prior to deposition of monolayers by 
exposure to a Hg-lamp (254 nm) at an intensity of 6.5 
W m-2.  Microdrops of suspended endospores were 
dried at 25 oC overnight in either a laminar flow hood 
or incubator. 

Monolayers of B. subtilis were then exposed to 
Martian conditions of pressure (8.5 mb), temperature  
(-10 oC), high CO2 atmosphere, and irradiated with a 
Mars-normal UV-VIS-NIR spectrum.  The simulations 
were conducted within a low-pressure Mars chamber 
at KSC as described elsewhere [2].  Monlayers were 
exposed to 1 min or 1 hr of Mars-normal UV irradia-
tion adjusted to simulate clear-sky conditions on equa-
torial Mars (tau = 0.5) at the mean orbital distance of 
Mars.  Mars simulations lasted 4 hrs total elapsed time 
from intial evacuation of room air from within the 
Mars chamber to repressurization of the chamber.  In 
addition, bacterial monolayers on all eight spacecraft 
materials were coated with gold and imaged with 
SEM.   

Results: When exposed to 1 min of Mars-normal 
UV, the numbers of viable B. subtilis spores were re-
duced 3-4 decades for both brands of Al 6061, 
stainless steel, chem-film treated Al, clear-anodized 
Al, and black-anodized Al.  In contrast, bacterial su-

vival was reduced only 1-2 decades for monolayers on 
graphite and astroquartz when bacterial spores were 
exposed to 1 min of Mars-normal UV irradiation. 

When bacterial monolayers were exposed to 1 hr of 
Mars-normal UV irradiation, no viable bacteria were 
recovered from both brands of Al 6061, stainless steel, 
chem-film treated Al, clear-anodized Al, and black-
anodized Al.  In contrast, bacterial suvival was re-
duced 2-3 decades for monolayers on graphite and 
astroquartz when bacterial spores were exposed to 1 hr 
of Mars-normal UV irradiation. 

SEM images of the bacterial monolayers revealed 
that endospores of B. subtilis formed large aggregates 
of multi-layered spores on the hydrophobic graphite 
(Fig. 1A) and astroquartz materials but not on the other 
six spacecraft materials (Fig. 1B shows clear-anodized 
aluminum). 

Conclusions: The higher survival rates for spores 
of B. subtilis on graphite and astroquartz were attrib-
uted to the formation of large mulit-layered aggregates 
of spores in which the lower layers were protected 
from UV irradiation by the overlying cells.  Aggre-
gates of endospores formed on the hydrophobic sur-
faces of graphite and astroquartz but did not form on 
the hydrophyllic materials.  Results indicate that the 
surface characteristics of spacecraft materials may con-
tribute to the survival of microorganisms when vehi-
cles are landed on Mars and exposed to direct and dif-
fuse UV irradiation. 

References: [1] Mancinelli, R. L. and Klovstad, 
M. (2000) Planetary Space Sci., 48, 1093-1097. 
[2] Schuerger A. C. et al., (2003) Icarus, [in press]. 
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OPHIOLITES AS ANALOGS TO HABITATS ON MARS.  M. Schulte and D. F. Blake, NASA Ames Research Cen-
ter, Exobiology Branch, Mail Stop 239-4, Moffett Field, CA 94035-1000, USA (mschulte@mail.arc.nasa.gov and 
dblake@mail.arc.nasa.gov). 

 
 
Introduction: Ophiolite sequences that are located 

in northern and central California provide easily acces-
sible areas that serve as good analogs for martian 
crustal rocks.  The rock types found in a typical ophio-
lite sequence compare well with those found in the 
Mars meteorites, and those expected from spectropho-
tometric analysis.  We have begun investigating and 
characterizing these sites in order to understand better 
the processes that may be responsible for the ground-
water chemistry, mineralogy and biology of similar en-
vironments on Mars. 

One of the processes known to occur during water-
rock reactions in mafic to ultramafic rocks at relatively 
low temperatures is serpentinization [1].  The general 
reaction for serpentinization of olivine is given by: 

 
olivine + H2O = serpentine + brucite +  

magnetite + H2. 
 

The serpentinization process results in an increase in 
volume, which results in increased cracking and in-
creased fluid flow in the rocks.  This exposes fresh frac-
ture surfaces to further water-rock reaction, thus sus-
taining the process.  In addition, serpentinization is a 
heat-generating process, which combined with fluid 
flow, leads to development of self-sustained hydro-
thermal cells.   

The geophysical and  geochemical processes in 
these terranes provide niches for unique commu nities 
of extremophiles and are the best terrestrial analogs for 
similar geochemical habitats on Mars. 

Ophiolites in northern California:  Ophiolites are 
sections of lower oceanic crust and upper mantle that 
have been thrust onto continental craton.  The rock 
types range in composition from mafic (basalts) in the 
upper section to ultramafic (peridotites) near the base.  
The ophiolites found in northern California include the 
Trinity, Josephine, Coast Range and Point Sal, all of 
which are approximately 160 million years old [2].  Flu-
ids from serpentinizing springs are generally alkaline 
with high pH and H2 contents [3-7], indicating that the 
mafic rock compositions control the fluid composition 
through water-rock reactions during relatively low-
grade hydrothermal processes.  There are significant 
amounts of primary mineralogy remaining in the rocks, 
meaning that substantial alteration processes are still 
occurring in these terranes. 

Mineralogy & petrology: We have analyzed the 
mineralogical composition of several rock samples col-

lected from the Coast Range Ophiolite near Clear Lake, 
CA.  The remnant primary mineralogy is fairly uniform 
in composition, with an olivine composition of Fo90, 
and with pyroxene compositions of En90 for orthopy-
roxene and En49Wo48Fs03 for the clinopyroxenes.  Other 
primary phases include chromites and other spinels.   

Examination of petrographic thin sections reveals 
that serpentinization reactions have occurred and are 
still occurring in these locations (Figure 1).  The ser-
pentine resulting from aqueous alteration of olivine and 
pyroxene resides in veins that are seen cross cutting 
the primary mineral grains.  There are several genera-
tions of alteration products, comprised mostly of ser-
pentines that are correspondingly magnesium rich, with 
magnetite, brucite and carbonates observed as acces-
sory minerals.  The formation of carbonates indicates 
the presence of CO2 in the altering fluid. 

Ophiolites as analogs for Mars:  Taken as a whole, 
the sequence of rocks found in ophiolites is likely to 
represent a good analog for the rock types that will be 
encountered during missions to Mars.  The Mars mete-
orites range from mafic to ultramafic (basalt- lherzolite-
dunite) in composition, and this range closely parallels 
the sequence of pillow basalt-gabbro-peridotite found 
in complete ophiolite sections. 

Because the potential mineralogy of Mars is similar 
to that in ophiolite sequences, the groundwater of 
Mars is likely to be basic (alkaline).  The resulting wa-
ter-rock reactions would be similar to those found in 
terrestrial ophiolite terranes; serpentinization reactions 
would produce similar assemblages of alteration miner-
als and self-sustaining hydrothermal cells could be 
established.  The resulting hydration reactions may 
also serve as a sink for significant amounts of water.  
The outflows seen on the martian surface may contain 
alteration assemblages similar to those seen in modern 
terrestrial ophiolite spring systems and are likely to 
include not only hydrated minerals, but also evaporites 
resulting from the exposure of alkaline fluids to the dry  
martian atmosphere.   

Ophiolites as biological habitats:  Since photosyn-
thesis does not appear to be present on the surface of 
Mars, any life on Mars will have to take advantage of 
the chemical energy available during water-rock reac-
tions in the martian crust.  One of the most primitive 
metabolic reactions among extremophiles is methano-
genesis, in which carbon dioxide is reduced to methane.  
The general reaction is given by: 

CO2 + H2 = CH4 + H2O. 
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Organisms living in ophiolite terranes could use the 

hydrogen that results from serpentinization reactions, 
along with ambient carbon dioxide to generate methane, 
thus using chemical energy as metabolic energy.  In 
addition to methanogenesis, other chemotrophic me-
tabolisms are possible in serpentinizing systems.  For 
example, some organisms are known to use H2 directly 
as an energy source and are likely candidates to inhabit 
these areas.   

We collected samples from Complexion Spring (Fig-
ure 2) in the Coast Range Ophiolite in order to deter-
mine whether the geochemical processes in these envi-
ronments are providing a niche for chemotrophic mi-
croorganisms, thus serving as geochemical habitats.  
DNA was extracted from sediment samples and the 16s 
rRNA gene was PCR amplified using Archaeal primers.  
Denaturing gradient gel electrophoresis (DGGE) was 
used to determine the community of Archaea thriving 
in these samples.  Our results indicate that there were 8 
different genera of Archaea in a single sample.  We 
were able to sequence one of the eight.  The sequence 
that was obtained was of an organism that is similar to 
Halorubrum tibetense, an alkalophilic Archaeon.  This 
result suggests that these environments are likely 
hosts for communities of organisms that are adapted 
for the unique chemical environment provided by the 
alkaline spring.   

Summary:  The geology, geochemistry, water 
chemistry, and biology of ophiolite terranes provide a 
good model for crustal processes that may be occurring 
on Mars.  The juxtaposition of liquid water and unsta-
ble minerals in these environments provides chemical 
energy sources that could be used by unique communi-
ties of microorganisms.  Understanding how these 
communities function on Earth could prove invaluable 
in searching for habitable zones during future missions 
to Mars.   

References: [1] McCollom T. M. and Seewald J. S. 
(2001) GCA, 65, 3769–3778. [2] Dickinson W. R. et al. 
(1996) GSA Today, 6, 1-10. [3] Coleman R. G. 
(1971) Geol. Soc. Am. Bull., 82, 897-918. [4] Neal C. and 
Stanger G. (1983) EPSL, 66, 315-320. [5] Neal C. and 
Stanger G. (1984) Mineral. Mag., 48, 237-241. [6] Peters 
E. K. (1993) GCA, 57, 1344–1345. [7] Kelley et al. (2001) 
Nature, 412, 145-149. 
 
 
 
 
 
 
 
 

 
Figure 1.  Olivine grain from Coast Range Ophiolite 
showing, with serpentinization alteration in veins.  Field 
of view is approximately 2 mm across. 

 
 
 
 
Figure 2. Sampling Complexion Spring in the Coast 
Range Ophiolite near Clear Lake, CA. 
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IMPACTS INTO POROUS VOLATILE-RICH SUBSTRATES ON MARS.  P. H. Schultz,. Brown University,
Department of Geological Sciences, P. O. Box 1846, Providence, RI 02912, peter_schultz@brown.edu.

     Introduction:  The current mantra "follow the water"
focuses research in order to understand fundamental aspects
of Martian climate history and the possibility of past (or even
present) life.  The multi-lobed ejecta around craters is often
used as evidence for water at depth (e.g., 1,2,3).  However,
this "evidence" is often an assumption used to draw a conclu-
sion.
        At issue are the underling processes that control the
different styles of ejecta emplacement.  Experiments (4,5)
theory (6,7) and data (5,6,7) for Martian crater ejecta all in-
dicate that the range of ejecta morphologies can be accom-
modated without the presence of water (or at least without
water as the controlling parameter).  The key parameter is the
characteristic post-impact grain size that can be entrained in
intense vortices created by the expanding ejecta curtain in the
presence of an atmosphere, even at late times.  This insight
provides an alternative use for impact ejecta morphologies: a
probe for assessing Martian lithologies.  The presence of
volatiles (including bound water or water/ice) may play a
secondary role.
     Impacts into Sedimentary Materials: Mars is covered
with regional accumulations (or remnants) of thick, easily
eroded sediments dating from the Noachian to today (8,9,10).
The marked contrast in erodability is illustrated by pedestal
craters perched on 0.1 km to 1.5 km outliers of sediments
now missing in the surrounding terrains.  The same degree of
differential erosion rates (DER) is presently expressed at
high latitudes but affect smaller craters (8).  Consequently,
volatile "cement" was proposed to account for the now-
missing sequences, while the remainder was removed.  Ar-
mouring by impact processes (ejecta, blast effects) preserved
these materials within the platform comprising the pedestal
crater.  One plausible model for this material is dirty snow
(mixtures of Martian loess and ice crystals). Natural snow on
Earth has a density of around 0.4g/cm3 and under load will
reach equilibrium of about 0.5g/cm3.  Consequently, crater-
ing in lower porosity sand targets may not even provide a
reasonable model for certain regions on Mars.  New labora-
tory impact experiments have been performed using perlite
and frozen water-saturated perlite as a surrogate material.
These experiments revealed unexpected changes in the exca-
vation process that have direct applications for Mars.
          The laboratory impact experiments were performed at
the NASA Ames Vertical Gun Range.  Quartz and pyrex
spheres (0.159 to 0.653 cm diameter) were used as projec-
tiles in order to simulate conditions of complete impactor
disruption at the higher velocities on Mars.  Impact angles
were varied from 15˚ to 90˚ (from horizontal) with velocities
ranging from 4 to 5.5. km/s.  Impacts into sand (porosity of
23%, density of 1.7 g/cm3) and fluffed pumice (porosity of
about 50%, density of 1.1 g/cm3) yielded similar evolution of
the cratering flow field.  This included the classical conical
ejecta curtain and parabolic transient crater with a Diameter:
depth (D:d) of 4:1 (referenced to the pre-impact surface).
Pumice targets produced a distinctive floor pit lined with
denser material as a result of deep penetration and compress
target material (densification).
     Highly porous perlite targets (porosity of 90% and density
of 0.1 g/cm3), however, produced a two-component ejecta

curtain: both a vertical plume and a more tenuous inclined
ejecta curtain. (Fig. 1).

Figure 1. Quarter-space experiment demonstrating the deep
initial penetration into a target composed of low-density per-
lite particles.  The anomalously small D:d ratio persists up to
the time of final crater growth, after which collapse destroys
the transient crater.  In addition, the vertical plume of ejecta
continues to evolve and collapses back into the crater. Impac-
tor was a 0.318 cm pyrex sphere launched at 6.1 km/s.

In addition, the crater cavity evolved with a D:d ratio of 1:2
to 1.5:1 before collapsing.  The final crater (for vertical im-
pacts) had little to do with the transient crater as ejecta from
the high-angle plume returned to the crater interior and as the
rim collapsed.   A high-angle plume, however, also develops
for lower angle impacts (Fig. 2).  Its axis evolves with the
growing cavity and is not just a reverse flow within the pene-
tration tube.

Figure 2.   Quarter-space experiment showing a 60˚ impact
(from horizontal) by a 0.318 cm pyrex sphere at 6.2 km/s.
Deep penetration occurs prior to lateral crater growth.  Total
crater volume during excavation is enhanced relative to sand
but collapses to appear much reduced.
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       The contrast between sand/pumice and perlite can be
explained by differences in the effective depth of burst
(EDOB).  The low-density, high-porosity perlite results in
deep penetration before complete transfer of energy and
momentum.  This results in containment and redirection of
shocked/comminuted/vaporized material into a near-vertical
plume containing lower velocity ejecta.  Shock coupling near
the surface also produces a weak surface-rarefaction wave
responsible for the classic conical curtain.  As impact angle
decreases to about 30˚ (from the horizontal), the EDOB de-
creases and the crater becomes more stable.
       Implications for Mars:  These new experiments have
several important implications for using craters as probes for
near-surface lithology.  First, small impacts (crater diameters
<10 km) into highly porous substrates (e.g., polar layered
terrains, circum-polar deposits, etc.) may be destroyed by
self-collapse as well as by later gradational processes.  If the
target exhibits strength (e.g., indurated layers), deep penetra-
tion may produce a deep transient crater but collapse de-
stroys the evidence (Fig. 3a).

Figure 3a. Anomalously shallow 8 km-diameter crater at
high latitudes (-59˚w, 344˚w). Raised rim is missing due to
rim collapse.  Viking Frame 573B58.

          Second, large craters (> 15 km) should exhibit thick,
near-rim ejecta due to a basal surge from gravity-collapse of
vertical plume.  Moreover, large secondary craters should
form due to loose clumps of ejecta comprising the advancing
curtain.  The resulting crater resembles a lunar impact since
the ejecta clusters accentuate secondary craters in the soft
surface material (Fig. 3b).

Because the ejecta curtain is more permeable, atmos-
pheric effects are reduced.  Third, high-porosity sediments
with indurated layers can result in anomalously small D:d
ratios as diameter is attributed to deep penetration.  

Figure 3b. Anomalously shallow 35 km-diameter complex
crater located in the thick equatorial mantling deposit.  Thick
inner rim, excessive collapse, and large secondaries are con-
sistent with being formed in highly porous materials.  Viking
frame 635A82.

Figure 4a. Crater diameter and depth relations for impact
craters produced in competent substrates, such as lava plains.

Figure 4b. Crater diameter and depth relations for impact
craters produced in soft sediments inferred from sensitivity to
wind erosion.  The consistently greater depth for a given
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 Shadow measurements of crater depths in different lithol o-
gies confirm this trend (Fig. 4).  And fourth, compressed
crater-floor materials become more resistant to erosion.  This
could account for high-standing saucer-shaped relicts within
deeply eroded sediments, i.e., inverted topography where the
relict crater floor stands in relief (Fig 5).

Figure 5. Diagram illustrating differential erosion of simple
and complex craters produced within easily eroded target
materials.  Small, simple craters eventually exhibit inverted
topography as more resistant, compressed floor material
stands in relief.  Larger, complex craters result in more com-
plex crater relicts.
         The effect of trapped volatiles may not play the role
normally attributed to them.  Heated volatiles should vapor-
ize or atomize under the PT conditions of post-Noachian
Mars.  Near-surface volatiles heated by the blast or volatiles
incorporated in the vortex-entrained ejecta flow may migrate
vertically after emplacement.  This process appears to have
occurred within ejecta facies in Argentina. Precipitates (car-
bonates. manganese) commonly occur at the base of the
ejecta deposits and form an indurated layer.  This may pro-
vide an additional mechanism for creating pedestal craters.

References: [1] Barlow, N. (1994) JGR, 99,
10,927-10,935. [2] Head, J. W. et al. (1999) Sci-
ence286, 2,134.[3] Garvin et al. (2000) LPS XXXI,
Abstract #1619. [4] Schultz, P. H.  (1992) JGR 97,
11,623-11662. [5]Barnouin-Jha, O. and Schultz, P. H.
(1996) JGR 101, 21,099-21,115. [6] Barnouin-Jha, O.
and Schultz, P. H. (1998) JGR 103, 25,739-25,756. [7]
Barnouin-Jha, O. and Schultz, P. H. (1999) Int. Jour.
Impact Eng. 23, 32-39.[8] Schultz, P. H. and Lutz, A.
B. (1988) Icarus 73, 91-141. [9] Grant, J. and Schultz,
P. (1990)Icarus 84, 166-195. [10] Tanaka, K. (2000)
Icarus144, 254-260.
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FROM MONTANA TO MARS:  USING THE JOURNALS OF LEWIS AND CLARK TO 
TEACH EXPLORATION SCIENCE FOR MARS.  D. M. Scott, NASA Educational Services, 
NASA Ames Research Center, Moffett Field CA 94035-1000, dscott@aesp.nasa.okstate.edu. 
 
 
The most important strategy for the future exploration of Mars is to prepare students and 
educators for that exploration. 
 
2003 is a “teachable year”. In 2003 NASA will send two new robotic rover explorers to Mars. 
2003 also marks the Bicentennial of the Lewis and Clark expedition. 
 
By examining the Lewis and Clark expedition as an analogue, in the context of modern-day 
exploration to other worlds, students can learn about their home planet as well as about issues 
central to all exploration. 
 
During the past five years, in cooperation with the University of Montana, a Guide for teaching 
exploration science using the Expedition and Journals of Lewis and Clark as an analogue for 
Mars, we have prepared an Educator’s Guide. Although designed with K-12 students in mind, it 
was also designed to be adaptable to all levels of education. 
 
In this session, the newly-published Guide will be presented and described. One or two activities 
may also be demonstrated. 
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ORIGIN AND EVOLUTION OF LAYERED DEPOSITS IN MERIDIANI PLANUM.  F. P. Seelos IV and R. 
E. Arvidson, McDonnell Center for the Space Sciences, Department of Earth and Planetary Sciences, Washington 
University, Box 1169, One Brookings Drive, St. Louis, MO 63130 (seelos@wunder.wustl.edu). 

 
Overview: Multiple remote sensing data sets were 

used to identify, characterize, map, and understand the 
origin and evolution of the hematite-bearing deposits 
[1] and associated units in the Meridiani Planum re-
gion of Mars. MOLA and MOC (WA and NA) data 
were used in combination to identify and map surface 
units based on planimetric configuration, topography, 
brightness, and texture and to infer superposition and 
embayment relationships (Figure 1). The boundary of 
the hematite-bearing deposits was delineated using the 
hematite index threshold as defined by Christensen et 
al. [1]. Surface properties of these units were then 
characterized using MOLA intra-shot pulse width de-
rived RMS roughness [2,3] and TES-based albedo, 
thermal inertia [4], and spectral emissivity [5]. The 
data indicate that: (a) the hematite-bearing unit is the 
remnant of the top stratum of a widespread layered 
complex that was deposited onto dissected cratered 
terrain; (b) the complex was covered by a extensive 
sedimentary mantle; (c) the entire region has been sub-

jected to differential aeolian erosion that has stripped 
the mantle, exposing underlying materials that in turn 
have been partially eroded by wind; and (d) the lay-
ered complex was emplaced as flows and tephra de-
posits, and the unusual albedo and spectral properties 
are consistent with alteration involving aqueous fluids, 
either during or after emplacement [6]. 

Surface Unit Characterization: The basal unit in 
the study area is Noachian cratered terrain that has 
been extensively dissected by channel systems and is 
termed the dissected cratered terrain or Unit DCT. The 
basal unit of the layered complex was termed the 
etched unit by Hynek et al. [7] and we retain that no-
menclature here as Unit E. Detailed analysis of WA 
and NA data shows that the morphology of Unit E is 
variable and includes extensive exposures of terrain 
characterized by: (a) relatively flat, dark polygonal 
blocks separated by bright, fractured ridges; (b) inter-
connected ridges and stepped plateaus that demarcate 
underlying plains into polygonal patterns; and (c) land-

Figure 1.  Surface units map for the Meridiani Planum region. The units identified in this study are the Dissected Cratered 
Terrain (DCT), Etched Terrain (E), Hematite Bearing Plains (Ph), Plains (P) ,and Mantled Cratered Terrain (MCT). The 
MER landing ellipse is centered on approximately 2° S, -6° E. 
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forms that consist of buttes, mesas, and what appear to 
be yardangs, often exposing layered deposits on cliff 
faces and slopes (Figure 2).  

The hematite-bearing plains unit (Ph) is strati-
graphically above the Unit E. NA data show that Unit 
Ph consists of smooth, dark plains that are locally re-
worked into dunes and that in many places only par-
tially cover Unit E (Figure 3). The northwestern edge 
of the Ph unit transitions to another plains-forming 
surface, herein termed Unit P. Based on available evi-
dence Unit P is believed to be a lateral facies variation 
and that both deposits overlie Unit E.  

Units DCT, E, P, and Ph are covered by a mantle in 
the northern portion of the study area that has been 
partially stripped by aeolian processes to expose un-
derlying materials. The mantled unit largely occurs on 
Noachian cratered terrain and is mapped as mantled 
cratered terrain unit or Unit MCT. Examination of WA 
and NA images covering the boundary between the 
Units E and MCT shows that the characteristics asso-
ciated with Unit E landforms become muted and even 
disappear beneath the mantle that defines Unit MCT. 
The thickness of the mantle is inferred to be approxi-
mately 10 m near the unit boundary, thickening to the 
north.     

Hypothesis Development: The morphology of 
Unit E includes landforms associated with emplace-
ment, burial, and differential aeolian erosion. A vol-
caniclastic origin is preferred for Unit E, and the entire 
layered complex, for several reasons. The deposits are 
widespread and not confined to a basin as they would 
be if the material accumulated in a lake or shallow sea. 
The inferred mineralogy for the complex is dominated 
by mafic igneous components, with the exception of 
hematite for the capping Ph unit, whereas minerals 
such as pyroxene and feldspar would not survive well 
in a lacustrine or marine environment. The regions 
within Unit E that exhibit dark polygons separated by 
bright ridges are interpreted to be exposed resistant 
materials that retain morphologic evidence for em-
placement even after burial and exhumation.  

Formation and evolution scenario. The following 
scenario is a plausible formation and evolution se-
quence for these landforms. Lava flows were deposited 
onto Unit DCT and subjected to isotropic extension 
that fractured the flows into polygons. Fracturing was 
followed by the emplacement of dikes and flows that 
were in turn extended to form horst-graben patterns 
aligned with dike emplacement azimuths. These land-
forms were then buried by volcaniclastic deposits and 
subsequently exhumed by wind. In other regions 
within Unit E the fractures became conduits for erup-
tion of volcaniclastic materials. Widespread tephra 
blanketed these areas, followed by aeolian erosion to 
expose the deposits. Regions above the source dikes 
would have accumulated the thickest deposits and per-
haps become the most indurated, thereby leaving be-
hind ridges and stepped plateaus as the region was 
exhumed. Units Ph and P are interpreted to represent 
the last stage of the volcaniclastic activity, producing a 
widespread cap that covered the complex. The hema-
tite bearing material within Ph has been locally re-
worked into dunes, probably as lag materials due to the 
high density of this mineral. 

Spectral considerations. Analysis of TES-derived 
emissivity spectra for the mapped units reveals that 
units DCT, E, and Ph are related mineralogically. The 
spectral signature for Unit DCT is intermediate to the 
Type I and Type II surfaces identified by Bandfied et 
al. [8] and is consistent with a basaltic mineralogy. 
Unit E, despite having a higher albedo and thermal 
inertia, differs only slightly from the DCT unit in spec-
tral emissivity. This slight variation in spectral charac-
ter is attributed to an increase in the abundance of vol-
canic glass. The spectral signature for Unit Ph is also 
comparable to unit DCT, with the addition of a signifi-
cant hematite component. In contrast, Unit E is quite 
distinct from the DCT and Ph units in the visible and 
reflected infrared wavelengths, appearing to be both 

Figure 2. Interconnected ridges forming polygonal terrain 
patterns characteristic of the Etched Unit.  
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brighter and redder. The unusual spectral characteris-
tics associated with Unit E are hypothesized to be due 
to glassy coatings that have devitrified to cryptocrys-
talline clays with embedded nanocrystalline hematite 
crystals, similar to relatively bright, red (in visible and 
reflected infrared wavelengths) palagonite coatings 
found on Mauna Kea, Hawaii [9]. It is attractive to 
ascribe both the formation of the hematite in Unit Ph 
and the bright, red color of Unit E to the presence of 
devitrified glasses, although such an explanation is 
certainly non-unique.  

Hypothesis Testing: We are in a fortunate position 
to be able to test and update the hypotheses presented 
with the Athena Payload on the Mars Exploration 
Rover. The rover will be able to investigate both the 
dark dune material, presumably the source of the 
hematite spectral signature, and the brighter substrate 
that is hypothesized to be exposures of the underlying 
Unit E. The mast-based remote sensing package con-
taining the Pancam imaging system and the Mini-TES 
emission spectrometer will serve to map the morphol-
ogy, physical properties, and mineralogy of the sites 
visited. Key questions that will be addressed over the 
course of the mission include the identification of the 
hematite-bearing material, the formation mode of the 
hematite itself, and the nature of the bright substrate. 
In addition, all of the acquired data will be used to test 
the idea that the materials and landforms were em-
placed volcanically as flows and tephra deposits, man-
tled, and then exhumed by wind action. Finally, it is 
expected that the complete mission data set will pro-
vide definitive tests of the nature and extent of interac-
tion of the surface materials with aqueous fluids and 
thus dramatically increase our understanding of the 
evidence for habitability on Mars. 

 
[1] Christensen P. R. et al. (2001) JGR, 106, 

23973-23886. [2] Garvin J. B. et al. (1999) GRL, 26, 
381-384. [3] Neumann G. A. et al. (in press). [4] Mel-
lon M. T. et al. (2001) Icarus, 148, 437-455. [5] Smith 
M. D. et al. (2000) JGR, 105, 9589-9607. [6] Arvidson 
R. E. et al. (in press). [7] Hynek B. M. et al. (2002) 
JGR, 107, 18. [8] Bandfield J. L. et al. (2000) Science, 
287, 1626-1630. [9] Morris R. V. et al. (2000) JGR, 
105, 1757-1817. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Unit Ph  with exposures of the underlying Unit E. 
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TIME-DEPENDENT CALCULATIONS OF AN IMPACT-TRIGGERED RUNAWAY GREENHOUSE 
ATMOSPHERE ON MARS.  T. L. Segura1, O. B. Toon1, A. Colaprete2 1Laboratory for Atmospheric and Space 
Physics, University of Colorado (Mailing Address for first author: NASA-Ames Research Center MS 245-3 Moffett 
Field, CA  94035 segurat@colorado.edu), 2NASA-Ames Research Center. 
 

Introduction:  Large asteroid and comet impacts 
result in the production of thick (> tens of meters) 
global debris layers of 1500+ K and the release 
(through precipitation of impact-injected steam and 
melting ground ice) of large amounts (> tens of meters 
global equivalent thickness) of water on the surface of 
Mars [1]. Modeling shows [1] that the surface of Mars 
is still above the freezing point of water after the 
rainout of the impact-injected steam and melting of 
subsurface ice. The energy remaining in the hot debris 
layer will allow evaporation of this water back into the 
atmosphere where it may rain out at a later time. Given 
a sufficiently rapid supply of this water to the 
atmosphere it will initiate a temporary "runaway" 
greenhouse state.  

 
Impact Energy Discussion:  The kinetic energies 

involved in these large impacts are huge. Between 6 x 
1025 and 9 x 1026 J are delivered to the planet for 
asteroids of sizes 100 - 250 km, traveling at 9 km/s. 
The ejecta generated from the impact are distributed 
globally both ballistically and via the thermally 
expanding vapor cloud to produce global rock debris 
layers of 2.2 - 34 m thick [1]. The energy in the hot 
debris layer is from 2.5 - 3% of the total kinetic energy 
from the impact event, and the hot rock debris volume 
is from 4.2 - 7.8% of the crater volume and about 60% 
of the impactor volume (Fig. 1, [2]). Thus the energy 
in the rock layer is not a significant part of the total 
energy of the impact event itself, nor is the mass a 
significant portion of the mass lofted from the crater. If 
we imagine that all of the kinetic energy of the 
impactor is available to contribute to a runaway 
greenhouse state, we find that the planet may be in 
such a state for hundreds of years (Fig. 2).  

 
Current Study:  The research presented here 

focuses on how much warming can result from an 
impact-triggered runaway state, and how long such a 
state will last. We speculate on how this mechanism 
might have formed the valley networks on Mars.  

Model desctiption. The model used is a 1-D 
radiative-convective model coupled to a 1-D model of 
the regolith to calculate the evolution of the surface 
and subsurface temperatures. In the atmosphere, 
condensation of the injected water occurs when the 
relative humidity exceeds 100%. As the cloud moves 
downward through the atmosphere, rainout of the 
injected water occurs when the bottom layer has finally 
saturated. If the surface of the planet is warmer and 

moister than the atmosphere, this water is allowed to 
re-evaporate into the atmosphere, removing energy 
from the surface (rock layer), and adding water to the 
bottom atmospheric layer. We assume that this water is 
instantaneosly redistributed throughout the atmosphere 
chaning the water mixing ratios such that they are 
constant in height (but not in time). We have a 
background CO2 amount equivalent to a surface 
pressure of 150 mb such that when all of the water has 
precipitated out, and the surface is no longer warm 
enough to promote re-evaporation, the final surface 
pressure is 150 mb, all CO2.  

Discussion. These calculations differ from those 
done by Segura et al. in [1]. By adding the effect of 
latent heating in the atmosphere, the period of time the 
planet is above 273 K has increased almost 500% to 
several centuries for the largest (~ 250 km) objects. We 
believe the brief warming periods and large amounts of 
global water released from large impacts are definite 
keys to the study of formation of the Valley Networks 
on Mars. This idea is further supported by the work of 
Gregoire-Mazzocco et al. [3] who find from statistical 
analyses of the valley networks that they are immature 
and probably formed by catastrophic flows over short 
periods of time.  

 

 
Figure 1. Fraction of total kinetic energy from the 

impact event that goes into the debris layer (dotted 
curve), fraction of  the total lofted crater mass made up 
by the debris layer (dash-dot curve), and fraction of the 
impactor volume made up by the debris layer (dashed 
curve) as functions of impactor diameter.  
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Figure 2. Time we expect Mars to be in a 

"runaway" state as a function of impactor diameter. 
This curve assumes that all available energy in the rock 
layer goes to promoting runaway. 

 
References: [1] Segura T. L. et al. (2002) Science, 

298, 1977-1980. [2] Melosh H.G. (1989) Impact 
Cratering A Geologic Process, Oxford University 
Press, New York, NY. [3] Gregoire-Mazzocco H. et al. 
(2003) EGS-AGU-EUG, Abstract #EAE03-A-05401.
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THE MRO SUBSURFACE SOUNDING SHALLOW RADAR (SHARAD).  R. Seu1, R. Orosei2, D. Biccari1, A. 
Masdea1, 1INFOCOM Dpt., University of Rome “La Sapienza” (roberto.seu@uniroma1.it), 2IASF-CNR (oro-
sei@rm.iasf.cnr.it). 

 
 
Introduction:  SHARAD (SHAllow RADar) is a 

subsurface sounding radar provided by ASI as a Facil-
ity Instrument to NASA's 2005 Mars Reconnaissance 
Orbiter (MRO) mission for the characterisation of the 
uppermost part of the Martian interior. MRO will be 
launched on August 2005 from Cape Canaveral Air 
Force Station and will deliver a payload designed to 
provide observations from a low Mars orbit, with a 
nominal science period starting from September 2005. 
SHARAD operating parameters, a 20 MHz central 
frequency with a 10 MHz bandwidth, will allow to 
study the planet in a way that will be complementary 
to the Italian-US sounding radar MARSIS (Mars Ad-
vanced Radar for Subsurface and Ionosphere Sound-
ing) in terms of scale and resolution. 

Scientific Objectives:  The primary objective of 
the SHARAD experiment is to map dielectric inter-
faces to several hundred meters depth in the Martian 
subsurface and to interpret these results in terms of the 
occurrence and distribution of expected materials, in-
cluding competent rock, regolith, water and ice, with a 
vertical resolution of ~ 10 m and a horizontal resolu-
tion of a few hundred meters (300 m - 1 Km). It is ac-
knowledged that the surface of Mars will not be uni-
formly amenable to using radar sounding in the search 
for subsurface interfaces. However, it will be possible 
to find conditions of favourable radar viewing geome-
try, interface scattering, surface and volume scattering, 
and material properties, which may allow the identifi-
cation of subsurface layers from orbit. When strong 
internal reflections do occur, they will be identifiable 
as aqueous only by contextual inferences drawn from 
the characteristic geological context of water habitats. 
Independent of any ability to directly detect water or 
ice, SHARAD should make significant new data avail-
able toward addressing critical scientific problems on 
Mars, including the existence and distribution of bur-
ied paleo-channels, subsurface layering, an improved 
understanding of the electromagnetic properties of the 
"stealth" region, further insights into the nature of pat-
terned ground, and other morphologies suggestive of 
the presence of water at present or in the past. In addi-
tion, it should be possible to answer certain kinds of 
geologic questions, such as the character of the surface 
below the polar ice caps and the nature of some of the 
layered terrain. 

System Analysis:  The ability of SHARAD to 
achieve its science objectives will be largely dependent 
on the electrical properties, both permittivity and per-

meability, of the soil, degree of scattering off the sur-
face and volumetric debris, and the stratigraphical lay-
ering of the subsurface. 

Two simple layering models have been used for a 
first preliminary analysis of the theoretical detection 
capabilities of subsurface water and ice. In the first of 
these two models, called (I/W), the first layer is a po-
rous crust with the pores filled up by ice from the sur-
face down to a depth below which liquid water is sta-
ble and becomes the pore-filling material. In the sec-
ond model, called (D/I), the pore-filling material of the 
first layer is considered to be a gas or some other vac-
uum-equivalent material down to a depth, below which 
ice fills the pores. 

The dielectric properties of the mixtures of the dif-
ferent materials in the above mentioned models, have 
been evaluated as in [1]. 

For the surface scattering characteristics, an at-
tempt has been made to assess the extent and distribu-
tion of the surface clutter (i.e. the echoes from off-
nadir portions of the surface which can mask the time 
synchronous echoes reflected from the wanted subsur-
face layers) making use of the MOLA data set. 

For the evaluation of the interface detection per-
formance of SHARAD, the back scattering cross sec-
tions of concurrent echoes coming from the surface 
and subsurface layers have to be evaluated. Assuming 
as a first approximation that the surface and subsurface 
interfaces have the same average topographic charac-
teristics, the ratio of the above mentioned surface and 
subsurface echoes is directly proportional to the corre-
sponding Fresnel reflectivities. 

Considering the requirement on the penetration 
depth, a transmitted frequency of 20 MHz has been 
chosen. The chosen bandwidthis 10 MHz in order to 
obtain a free-space range (depth) resolution of 15 m. 
The required ground resolution is obtained via the 
classical pulse limited geometry in the cross track di-
rection and via a synthetic aperture processing in the 
along track direction with coherent data takes up to 
about a couple of seconds to achieve the better resolu-
tion required, that is 300 m. 

Performance Evaluation:  A preliminary sizing of 
the radar sounder requires the evaluation of the link 
budget with sounding assumptions for its relevant pa-
rameters which will guide the design of the SHARAD 
instrument. 

The single-look signal-to-noise ratio for non-
coherent surface back-scattering is given by [2]: 

Sixth International Conference on Mars (2003) 3079.pdf



tS

p

LVKTR

DCGP
N
S

5.23

032

)4(

2

π

σλ ∆
=  

where Pp is the peak power, G the antenna gain, λ 
the wavelength, σ0 the surface backscattering coeffi-
cient, R the range, k the Boltzmann constant, TS the 
system temperature, L the propagation losses, ∆ the 
range resolution, Vt the spacecraft tangential velocity 
and DC the system duty cycle. 

To evaluate the radar equation in the above equa-
tion, it is assumed that the peak power radiated by the 
antenna is 10 Watts, the range resolution in free space 
is 15 meters, the average altitude is 300 Km and the 
duty cycle is about 5%. 

The link budget with the above mentioned system 
assumptions is shown in the following table: 

Scenario I/W D/I 
 S/N(dB) S/N (dB) 
Pp (10 W) 10 10 
G2 0 0 
λ3 35 35 
σ0 54÷0 54÷-8 
64π3 -33 -33 
R2.5 (R=300Km) -137 -137 
k (=1.38 10-23) 228 228 
TSL (Braun Model) -49 -49 

)15(2 m=∆∆  7 7 

DC (5%) -13 -13 
Vt (4 Km/sec) -36 -36 
Single Look S/N 66÷12 66÷4 

 
Hardware Description: SHARAD consist of 3 

major subsystems (S/S): Antenna S/S, Radio Fre-
quency (RF) S/S, and Digital S/S. The antenna is es-
sentially composed of a dipole radiating element 
roughly matched in length to half the wavelength of 
the carrier frequency. An impedance matching network 
is also required to match the transmitter and antenna 
impedances. 

The radar will transmit frequency-modulated radar 
pulses about 85 microseconds long and with a 10 MHz 
bandwidth. To cope with the 300 - 1000 m spatial 
resolution requirement, SHARAD shall actually oper-
ate as a nadir looking synthetic aperture radar sounder. 

Moreover in order to improve the subsurface de-
tectability, the same synthetic aperture concept could 
also be applied in the cross-track direction by process-
ing, on ground on a best effort basis, the coherent data 
taken from many appropriate close orbits if available. 
Different non-coherent processing techniques are un-
der analysis as well. 

Science Operations:  Being an active instrument, 
and with a frequency range much higher than the Mar-
tian ionosphere plasma frequency, SHARAD is in 
principle able to operate at any time in the orbit, inde-
pendently of the sun illumination conditions. During 
its normal operation SHARAD will be a table-
controlled instrument, switching among different 
modes of operation according to a pre-determined se-
quence of commands. At every switch-on of the radar 
a certain amount of time (in the order of 5 minutes) is 
required to pass the instrument into science operation. 
Within a single orbit, the instrument will be operated 
in any of its observation modes, in any desired se-
quence and can be operated continuously or discon-
tinuously. 

SHARAD on-board processing of the pulse echoes 
consists in artificially adding a delay, corresponding to 
a phase shift, to the samples of each pulse, and then in 
summing the samples so as to allow the constructive 
sum of the signal component whose delay (phase shift) 
from one pulse to the next corresponds to the nadir 
direction. Synthetic aperture processing of SHARAD 
pre-summed echoes will take place on the ground: this 
allows for the longer synthetic apertures which are 
needed to achieve the desired along-track horizontal 
resolution. 

References: [1] Picardi G. et al. (1998) 
INFOCOM Document n. N188-23/2/1998. [2] Picardi 
G. et al. (1999) INFOCOM Technical Report 
007/005/99. 

Sixth International Conference on Mars (2003) 3079.pdf



PAVONIS MONS FAN-SHAPED DEPOSIT: A COLD-BASED GLACIAL ORIGIN.  D. E. Shean1 and J. W. 
Head1, 1Brown University, David_Shean@Brown.edu, James_Head@Brown.edu 
 

Introduction: Each of the three Tharsis Montes 
volcanoes on Mars has an unusual fan-shaped deposit 
located exclusively to the northwest of each shield. 
The fan-shaped deposits of the Tharsis Montes 
generally share three major facies: 1) ridged facies, 2) 
knobby facies, and 3) smooth facies.  Here we examine 
the Pavonis fan-shaped deposit using new Mars Global 
Surveyor and Mars Odyssey data.  Any explanation for 
the origin of the fan-shaped deposits must take into 
account both the similarities and differences in their 
morphologies, their approximately similar Amazonian 
age, and the fact that all three occur on the west-
northwestern sides of the volcanoes [1].  Based on 
Viking Orbiter data, several models have been 
proposed for their formation, including landslides [2], 
glacial processes [3,4,5,6] and pyroclastic flows [6].  
Williams [3] and Lucchitta [4] suggest that the fan-
shaped deposits consist of moraines deposited during 
recession of local ice caps that formed on the 
volcanoes from mixtures of emanated volatiles and 
erupted ash [4].  Scott et al [6] suggest an explanation 
combining glacial and volcanic processes. 

We have re-examined the fan-shaped deposits 
utilizing new data from Mars Global Surveyor 
(MOLA, MOC) and Mars Odyssey (THEMIS, GRS 
Suite).  This analysis, together with an assessment of 
terrestrial analogs of cold-based glaciers [7] suggests 
that the Pavonis fan-shaped deposit was formed by 
cold-based glaciers that existed in recent Martian 
history.  

The Pavonis fan-shaped deposit (Figure 1) extends 
approximately 250 km northwest of the shield base 
along a N35°W trend [5].  The deposit ranges from 
3.0-8.5 km above the Mars datum and covers an area 
of 75,000 km2, approximately half of the area covered 
by the Arsia deposit.  

Ridged Facies: The ridged facies consists of a 
series of hundreds of concentric, parallel ridges around 
the distal margins of the deposit (Figure 1).  The 
Pavonis ridged facies is characterized by a larger, 50-
100 m high outer ridge with smaller 5-30 m concentric, 
inner ridges.  The ridged facies is also observed in the 
central regions fan-shaped deposit, with some inner 
ridges only 70 km from the base of the shield.  This 
aspect of the ridged facies is unique to Pavonis, 
although the Arsia ridged facies do appear to continue 
beneath the knobby facies [7].   

Based on their morphology, we interpret these 
ridges as drop moraines formed at the margins of a 
retreating cold-based glacier [7, 8].  The fact that these 
ridges can be seen in proximal regions of the fan-
shaped deposit suggests that at least one major phase 
of retreat and deposition occurred.  In addition, the 

ridges are superposed without modification on 
underlying topography, including a lobate lava flow to 
the west. The fact that the ridged facies is observed up 
to elevations of 8.5 km above Mars datum on the 
northern flanks of Pavonis suggests that the proposed 
glacier covered a significant portion of the shield 
flanks. 

 

 
 
Figure 1: Geologic map of Pavonis Mons and associated fan-
shaped deposit (adopted from Zimbelman and Edgett [5]), 
colored and draped over a MOLA shaded relief map.  Units 
of the fan-shaped deposit are as follows: ridged facies (R & 
RK), smooth facies (S), knobby facies (K), and flow-like 
features (L).  Some unit boundaries have been re-defined 
using new data (see Figure 2 for updated smooth facies map). 

 
Knobby Facies: The knobby or hummocky facies 

consists of sub-km scale knobs and valleys that are 
subrounded to elongated downslope in places [7].  The 
density of the knobby facies varies within the Pavonis 
fan-shaped deposit, with the highest concentrations in 
the northeastern and western regions of the deposit 
(Figure 1).  The knobby facies appears to superpose 
underlying features including the ridged facies and 
flow-like features.  We interpret the knobby facies as 
sublimation till derived from in situ down-wasting of 
ash-rich glacier ice [7, 8]. 
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Smooth Facies: The smooth terrain at Pavonis 
covers an area of approximately 12,000 km2 and is 
morphologically unique when compared to the Arsia 
smooth facies.  There are four isolated regions of the 
smooth facies within the Pavonis deposit; the largest of 
which is a continuous deposit north of the shield 
extending into the central regions of the fan-shaped 
deposit (Figures 1 & 2). The smooth deposits are 
characterized by broad, gentle slopes with very few 
impact craters and vast dune fields covering the 
surface.   These dunes are generally 5-15 m high, 30-
100 m wide, with a spacing of around 50-100 m.  The 
smooth facies has the lowest albedo values of any 
features within the fan-shaped deposit, while within 
the smooth facies, thinner areas around the margins 
have a lower albedo than the thicker, central regions.   

The smooth terrain superposes all other facies 
within the Pavonis fan-shaped deposit.  For this reason, 
it has been suggested that the smooth facies may 
represent pyroclastic flows erupted from volcanic 
vents after the emplacement of the ridged and knobby 
facies [7].   However, MOLA topography reveals that 
the smooth terrain does not “flow” into regions of low 
elevation the way such volcanic flows would be 
expected to behave.  Instead, the smooth facies 
consists of convex-outward lobes with central 
elevations of over 700 m higher than the contact with 
surrounding terrain (Figure 3). 

There are two smaller isolated outliers of the 
smooth terrain approximately 60 and 80 km west of the 
main deposit.  The larger of the two outliers is over 60 
km long and 20 km across at its widest point with a 
maximum elevation of around 400 m above the 
surrounding plains.  The smaller outlier is 
approximately 25 km long and 10 km across with a 
maximum elevation of around 350 m above the 
surroundings.  In addition, a small region of the 
smooth facies is present on the opposite side of a 
topographic barrier adjacent to the main smooth facies 
deposit (Figure 2).  The presence of these outliers 
suggests that the smooth facies is probably not the 
result of one large volcanic event from a single source; 
no vents have been seen anywhere near the two 
outliers, which are over 150 km from the base of the 
shield.  It is also unlikely that any pyroclastic flow 
would be viscous enough to achieve the observed 
elevations. 

Instead, it appears that these outliers may be 
remnants of a larger, continuous smooth terrain deposit 
that existed late in the evolution of the Pavonis fan-
shaped deposit.  The western margin of the main 
smooth deposit has a much steeper slope (~3-4˚) than 
any of the other margins which gently slope (<1˚) into 
the surrounding terrain.  This steeper region of the 
main smooth facies deposit has dimensions of 
approximately 60-70 km long with a relief of nearly 

500 m and elevation of around 3.6-3.7 km above mars 
datum.  The larger, inner outlier has a length of around 
60 km and an elevation of approximately 3.6 km above 
mars datum (Figure 3).  This consistency in elevation 
and length between the two sections of smooth terrain, 
along with their proximity and apparent alignment, 
suggests that they may have been part of a larger 
smooth deposit in recent Martian history. 

 

 
 
Figure 2: A) MOLA shaded relief map of northern fan-
shaped deposit with false illumination from the North; B) 
Sketch map outlining smooth facies (red) and additional set 
of ridges (black) and eastern scarp (blue).  Green line is 
location of MOLA profile in Figure 3. 

 

 
Figure 3: MOLA profile at 4.83˚ N (see green line in Figure 
2 for context) across the fan-shaped deposit (118˚-112˚ W) 
showing the topography of the smooth facies.  Vertical 
exaggeration is 300x. 
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We interpret the smooth terrain to be dust-covered 
residual ice from the last major Pavonis Mons cold-
based glacier.  At its furthest extent, this ice sheet 
would have covered a significant portion of the fan-
shaped deposit.  Within the glacier, regions with thick 
debris cover would be preserved, while surrounding 
regions with thinner insulation would sublimate 
relatively rapidly.  Thus, the presence of the four 
isolated regions of smooth terrain under current 
climate conditions indicates that they are most likely 
insulated by a significant debris cover, possibly a few 
meters thick.   

Evidence for Multiple Phases: An additional 
series of ridges appear to superpose all other units of 
the Pavonis fan-shaped deposit, including the ridged 
facies (Figure 2) [8].  These ridges are not concentric 
to the margins of the fan-shaped deposit and cannot be 
classified as members of the outer ridged facies.  
Instead, they appear to be concentric to the current 
margins of the smooth facies, and are most pronounced 
to the north of the smooth facies, suggesting that the 
two are related.  The longest of these ridges can be 
traced for over 300 km and reaches heights of over 80 
m above the surrounding terrain.  The outermost of 
these ridges actually extends beyond the ridged facies 
along the northern fan-shaped deposit boundary onto 
the surrounding Tharsis plains.  We interpret these 
additional ridges to be drop moraines, deposited during 
retreat of a larger smooth facies ice sheet.  This 
additional set of ridges indicates that a minimum of 
two phases of moraine deposition occurred, 
specifically during the formation of the ridged facies 
and later the additional smooth facies ridges.  

Flow-like Features: An area of several unique 
flow-like features exists in the western regions of the 
fan-shaped deposit (Figure 1) which have been 
previously classified as “lobate flow features” [5].  
These features are morphologically different from 
subaerial lava flows at higher elevations on the flanks 
of Pavonis and also from the Tharsis Plains flows 
beyond the fan-shaped deposit to the west.  They 
consist of elevated plateaus with leveed edges and 
steep walls, some with relief of over 500 m.  High-
resolution MOC images and THEMIS Day IR images 
across these flow-like features reveal that they are 
superposed in places by the knobby facies, which 
continues uninterrupted onto the surrounding terrain.  
Based on Viking Orbiter data, Scott et al [6] identify 
these features as elongate, sinuous ridges and suggest 
that they may be eskers formed by deposition of 
sedimentary material beneath or within a wasting ice 
sheet.  They suggest an alternative explanation that 
these features may be unique lava flows originating 
from troughs on the lower western flank of Pavonis [5, 
6].   MOLA topography data have revealed that these 
features are most likely lava flows; however, their 

steep scarps and leveed edges are not characteristic of 
typical martian lava flows.  A possible explanation for 
these features involves subglacial eruptions [9].  This 
would be consistent with the observation that the 
knobby (hummocky) facies appears to superpose some 
of the flows without interruption.  Subglacial flows of 
this volume would be expected to produce a significant 
amount of heat and meltwater.  We have not observed 
any features indicative of large releases of subglacial 
water reservoirs similar to terrestrial jokulhlaups; 
however such features may not be associated with 
cold-based glaciers.   

Radial Ridges:  Several linear ridges are present in 
the central regions of the fan-shaped deposits.  These 
ridges are radial to the base of the shield and have 
dimensions of approximately 100-200 m high, 1 km 
wide, and 30-60 km long.  One of these ridges 
continues beneath the smooth terrain and another is 
superposed by the western flow-like features.  They 
have previously been interpreted as levees at the 
margins of a broad flow channel [10] and eskers [6].  
Analysis of high-resolution MOC images and 
THEMIS Day IR images suggests that these features 
may be radial dikes, which possibly erupted in a 
subglacial environment [9].  

Eastern Scarp: Additional evidence in support of 
the glacial hypothesis is seen where the Pavonis fan-
shaped deposit is bounded to the east by flows (Figures 
1 & 2).  A large scarp exists in these regions where the 
fan-shaped deposit is 200-250 m lower than the 
adjacent lava plains [8].  It appears that these lava 
flows were deflected from flowing toward lower 
topographic areas and instead continue for over 100 
km to the north-northwest.  This type of behavior 
would not be physically possibly unless some obstacle 
was present to deflect the flows. The most likely 
candidate would be a large ice sheet with a relief of at 
least 250 m that existed at the time of lava 
emplacement.   

Observations of Viking orbiter images reveal that 
the knobby facies actually extends an additional 5-10 
km beyond the scarp onto the lava plains.  We have 
developed the following model to explain the scarp 
formation and associated features: 1) a large cold-
based glacier existed with outer margins at the current 
location of the scarp, 2) lava flows from Pavonis flank 
eruptions bank up against the ice sheet, cool and 
solidify, 3) due to net accumulation, the cold-based 
glacier undergoes an additional 5-10 km of advance 
onto the newly formed lava plains, followed by 4) 
subsequent sublimation, down-wasting and deposition 
of debris as the knobby facies. 

Cold-Based Glacial Model: Current temperatures 
on Mars are such that glacial activity is more likely to 
be similar to terrestrial polar glaciers (cold-based) as 
opposed to wet-based glaciers typical of more 
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temperate latitudes [7].  The fan-shaped deposit at 
Pavonis Mons provides significant evidence in support 
of a cold-based glacial model.  The ridged facies bears 
a striking similarity to terrestrial drop moraines 
associated with recession and deposition by terrestrial 
cold-based glaciers such as the Antarctic Dry Valleys 
[7].  In addition, the knobby facies appears to be debris 
deposited during sublimation and down-wasting of 
glacial ice, similar to sublimation tills observed in the 
Antarctic Dry Valleys [7].  Finally, based on MOLA 
topography, MOC images and THEMIS day IR 
images, we believe that the smooth facies consists of 
debris-covered residual ice from the most recent phase 
of glaciation at Pavonis. 

Origin of Proposed Glacier: The obliquity of 
Mars varies chaotically between 0° and 60° [11].  The 
proposed ice sheet(s) could have formed during 
periods of high obliquity where equatorial regions 
receive less solar insulation than the poles and can 
become cold traps [12].  Under these conditions, 
significant evaporative loss of any volatiles at the poles 
would occur [12].  These evaporative losses would 
increase the atmospheric volatile content, eventually 
resulting in precipitation at cold traps.  Thus, “at high 
obliquities (>35°), significant amounts of water could 
be transported equatorward to be deposited as ice at 
low latitudes” [13].  It is possible that during periods of 
high obliquity, “a localized icecap could have been 
enhanced by orographic effects on wind circulation" 
[13].  This process involves the same principle as a 
terrestrial rain shadow where an air mass with high 
moisture content is forced upward by the topography 
of the surface below.  As the air mass moves upward, 
the moisture is precipitated out on the windward side 
of the obstacle, leaving the lee side in a “rain shadow”.  
The fact that all three of the Tharsis Montes fan-shaped 
deposits are observed on the west-northwestern side of 
each shield would indicate that regional winds out of 
the west-northwest existed at the time of deposition.  
Under current climactic conditions, large water ice 
clouds are observed on the west-northwestern side of 
each of the Tharsis Montes in daily MOC wide angle 
mosaics, suggesting that the rain shadow hypothesis is 
viable (Figure 4).  The more northerly trend of the 
Pavonis fan-shaped deposit (N35°W at Pavonis vs. 
N65°W at Arsia and N85°W at Ascreus [7]) may have 
been influenced by a broad topographic rise to the west 
of Pavonis Mons deflecting the glacier to the north. 

If these cold-based glaciers formed during times of 
active volcanism, their composition would be 
influenced by erupted volatiles and ash [4].  The 
proposed ice sheets undoubtedly contained a 
significant amount of englacial and supraglacial debris.  
This debris would be deposited as the ice sublimated 
and retreated, forming the features of the fan-shaped 
deposits. 

References: [1] K Edgett, LPSC 20, 256, 1989; [2] 
Carr et al, JGR, 82, 3985, 1977; [3] R Williams, GSA 
10, 517, 1978; [4] B Lucchitta, Icarus, 45, 264, 1981; 
[5] J Zimbelman and K Edgett, LPSC 22, 31, 1992; [6] 
Scott et al, USGS Geol. Map, 1998; [7] J Head and D 
Marchant, In Press, Geology, 2003; [8] D Shean and J 
Head, LPSC 34, 2003; [9] L Wilson and J Head, Geol. 
Soc. SP202, 2002; [10] C Hodges and H Moore, USGS 
Prof. Paper 1534, 1994; [11] J Laskar and P Robutel, 
Nature, 362, 608, 1993; [12] B Jakosky and M Carr, 
Nature, 315, 559, 1985; [13] M Carr, Water on Mars, 
1996. 
 

 
 
Figure 4: Mars Global Surveyor daily weather image mosaic 
taken April 1999 during a normal Northern summer day.  
Bluish-white water ice clouds are present to the north-
northwest of each of the Tharsis Montes (Image credit 
NASA/JPL/MSSS #PIA02066). 
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SIMULATIONS OF MESOSCALE CIRCULATIONS AND WATER TRANSPORT IN REGIONS OF WATER ICE BEING
EXPOSED: FIRST 2-D ENSEMBLE RESULTS. T. Siili, Finnish Meteorological Institute, Geophysical Research Division,
PO Box 503, FIN-00101 Helsinki, Finland (Tero.Siili@fmi.fi).

Introduction and background The University of Helsinki’s
2-D Mesoscale Circulation Model (MCM) [1] has been adap-
ted for Martian conditions in early 1990s [2] to create the
University of Helsinki (UH), Division of Amospheric Sci-
ences (ATM) 2-D Mars MCM (MMCM). The model has
subsequently been used and developed at both UH/ATM and
Finnish Meteorological Institute (FMI), Geophysical Research
(GEO) to study a number of martian mesoscale circulations,
especially so-calledsurface-inducedphenomena. Among the
forcing and circulation types are slope and (CO2 and H2O) ice
edge winds, winds driven by variations in albedo and thermal
inertia and horizontal dust optical thickness [2–5]. A fairly
comprehensive description of the model can be found in,e.g.
[6].

Ensemble approach So far this model — and other MMCMs
— has been used in what might be calledsingle-forecastmode,
producing a single simulation result or a forecast from es-
sentially a single set of initial and boundary conditions. As
those conditions are bound to have errors and the models are
sensitive to initial conditions,ensemble-type approaches have,
however, been and are being introduced to operational numer-
ical weather prediction systems in the recent years. In these
approaches a set of simulations with varied and disturbed ini-
tial or boundary conditions is run and the forecast is derived
from the set of results using,e.g., statistical analyses. These
approaches provide improved confidence in the range of and
perhaps better robustness of the results obtained. Such multi-
run approaches naturally, however, multiply the requirements
for computational resources and are hence in many cases pro-
hibitively costly, even in terrestrial operational applications.
For an introduction of the ensemble approaches,see, e.g., the
Web site (and links and references therein) of the European
Centre for Medium-range Weather Forecasts (ECMWF) at
http://www.ecmwf.int/ .

For Mars research purposes the 3-D MMCMs are much
more realistic, but in the foreseeable future computationally
much too expensive for such systematical and more compre-
hensive statistical studies. The considerably lesser computa-
tional cost of the 2-D MMCM in comparison to 3-D models
renders the 2-D MMCM, however, a much more feasible tool
for use in studies usingparameter space mappingand en-
semble-type approaches with reasonable set or sample sizes
— in this early phase from of the order of five (5) to perhaps
few tens of simulations.

Parameter space mapping implies a set of simulations run
using,e.g., systematically and deterministically varied initial
or boundary values of some parameters (essentially using a
parameter space grid) to investigate and analyse — also with
statistical methods — the domain and range of the results.
Ensemble-type approach includes in addition or in stead intro-
duction of random variations in selected parameters, creating

essentially a Monte-Carlo type approach.

Case study: region of sublimating CO2 over H2O ice An
environment enabling pilot study use of the 2-D MMCM in
an ensemble mode is being developed and implemented at
FMI/GEO. This environment comprises simulation prepara-
tion (including selection of variables to-be-perturbed) as well
as analysis tools. Our first application of the system is an
idealised sensitivity study of mesoscale circulation and water
transport phenomena occurring and emerging in a polar cap
region where H2O ice is being exposed in the springtime from
under the wintertime CO2 cover — perhaps in a patchy and ir-
regular fashion. Such processes occur regularly in the northern
polar region and apparently also in the southern polar region
[7–9].

In a configuration and situation such as thissea-breezetype
forcings are caused by contrasts, discontinuities and variations
in ice coverage (due to the difference in thermal of CO2 and
H2O ice surfaces caused by CO2 ice being held at saturation
temperature), in surface albedo and in the thermal inertia of the
near-surface layers. The exposed H2O ice will exhibit higher
temperatures than the adjacent or encircling CO2 ice creating
a horizontal thermal contrast. The resulting forcings in turn
give rise to circulation cells over the interface regions; the
sensitivity and range of onset and evolution of these circulation
cells and their associated transport of H2O sublimated from the
exposed region is investigated here. The perturbed and varied
quantities can include,e.g., the fraction of CO2 coverage in a
given grid box, H2O ice thermal inertia and ice surface albedo.

Our goals here include: initial testing of the feasibility of
the ensemble approach as well as provision of improved (and
perhaps more robust) insight into this type of regional features
of the Martian mesoscale circulations and the associated water
cycle.
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ORIGIN OF PHOBOS AND DEIMOS: A NEW CAPTURE MODEL.  S. Fred Singer, Univ. of Virginia; Science & Envi-
ronmental Policy Project, 1600 S. Eads St, Ste 712-S, Arlington, VA 22202 <singer@sepp.org> 
 

 
Introduction:  The origin of the Martian satel-

lites presents a puzzle of long standing.  Conventional hy-
potheses either violate physical laws or have difficulty ac-
counting for the observed orbits.  Both satellites have near-
circular and near-equatorial orbits.  Phobos’ orbit has been 
observed to shrink (since its discovery in 1877), indicating 
the influence of tidal perturbations.  Extrapolating their or-
bits backward in time yields nearly identical circular orbits at 
the synchronous limit, followed by parabolic orbits suggest-
ing capture [1].  But there is no obvious mechanism for en-
ergy dissipation to capture of these small bodies; nor should 
such capture yield equatorial orbits [2]. 
 
Contemporaneous formation with the planet Mars is contra-
dicted by dynamics.  The obliquity of Mars’ axis, about 25 , 
indicates formation by stochastic impacts of large planetesi-
mals, at least in the last stages of Mars accumulation.  But 
the equatorial orbits of the satellites would require that the 
obliquity of Mars changed quasi-adiabatically, i.e., very 
slowly compared to the orbital periods of the moons.  This 
suggests that Mars acquired the moons only after its forma-
tion was completed, but it leaves the mechanism uncertain. 
 
With capture and contemporaneous formation both unlikely, 
we propose a third possibility:  Capture of a large Mars-
Moon, during or shortly after the formation of the planet, 
with Phobos and Deimos as its surviving remnants.  Argu-
ments are given in favor of such a hypothesis and illustrative 
examples are shown. 
 

Arguments for a Capture Origin of Phobos and 
Deimos: 
1.  Capture of a large body is dynamically easier, since the 
greater tidal friction is likely to dissipate sufficient kinetic 
energy to turn an initially hyperbolic orbit into a bound ellip-
tic orbit. 
 
2.  A large Mars-Moon (M-M) would change the angular 
momentum of Mars in the capture process.  Analogous to the 
Earth-Moon case, our calculations show that M-M’s initial 
orbit would be inclined and even retrograde, but its final 
orbit would be prograde, near-equatorial, and at the synchro-
nous limit. 
 
3.  Capture of M-M from a retrograde orbit would reduce the 
angular momentum of Mars, dissipate kinetic energy of rota-
tion, and contribute internal heat energy required for melting 
the planet. 
 
4.  The close passage of the Mars-Moon within the Roche 
limit would have fractured it.  Tidal friction would soon 
drive the largest pieces into Mars, with the smallest pieces 
remaining as Phobos and Deimos.  Phobos is spiraling into 
Mars now and will disappear in a few million years; but 
Deimos, beyond the synchronous orbit limit, will survive 
against tidal friction. 

 
5.  The present orbit of Phobos makes it likely that more 
massive fragments existed in the past and have spiraled into 
Mars because of by tidal perturbation -- lifetime being in-
versely proportional to mass.  [“If the dinosaurs had had 
better telescopes, they would have observed them.] 
 
6.  The present orbit of Deimos, just beyond the synchronous 
limit, provides an important clue about its origin 
 
7.  There are no ready alternatives to explain the origin of the 
Martian moons. 
 
A fundamental prediction is that the moons are similar in 
composition and petrology.  While they do not appear to be 
similar, this difference might be explained by differences in 
the regoliths covering their surfaces.  We need both surface 
and deep samples to decide this issue, and to investigate 
whether Phobos and Deimos once formed parts of a larger 
body, most of which has now disappeared, perhaps by im-
pacting on Mars. 
 

A Sketch of the New Capture Hypothesis:  
We assume that near the end of the process of Mars 
assembly from planetesimals one body passed close 
enough to lose energy by tidal perturbation -- changing 
its orbit from parabolic to elliptic and so becoming 
captured.  [There are several schemes available that 
would enhance such an energy loss.]  The initial orbit 
is assumed to be retrograde.  Also, the impact parame-
ter is small enough to place the prospective Mars-
Moon (M-M) well within the classical Roche limit to 
cause fragmentation.  The pieces re-accrete after pas-
sage, but we are now dealing with a rubble pile. 
 
Rather quickly , the orbit becomes prograde and near-
equatorial [3] and ends up at the planet’s synchronous 
orbit limit [1].  Simultaneously, the planet undergoes 
changes in its spin angular momentum (and dissipates 
kinetic energy of rotation [4] into internal heating) in 
order to keep the vector sum of angular momentum of 
M + M-M constant. 
 
But the synchronous orbit is unstable [1], with the bulk of 
M-M ending up within that orbit and Deimos just beyond it.  
The bulk of M-M now spirals in towards Mars because of 
tidal perturbations.  In the process, it may break up, with the 
most massive pieces spiraling in most rapidly.  Phobos hap-
pens to be the smallest fragment and so survived to this day 
(but will die in a few million years).  [If the dinosaurs had 
had better telescopes, they would have observed these larger 
fragments that have now disappeared.] 
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Illustrative Calculations:  To illustrate the proc-
ess, we carry out a simple sample calculation, relying mainly 
on conservation angular momentum and on published results 
of orbit evolution under the influence of tidal perturbations 
[3,1]. 
 
We start with the present angular momentum of Mars   

JM = IM ω = 1.79*1039 (in CGS units) 
 
We next set this value equal to the sum of the angular mo-
menta of M and M-M when M-M is in a prograde synchro-
nous orbit.   

Thus   JM = IM ω + m(GM)2/3 ω-1/3 
Numerically the equ becomes   

1.79 = 2.5*104 ω + 7.8 µ ω-1/3 

where µ=m/M,  
with values chosen as  5*10-4. 10-3, and 2*10-3. 

From this equation we derive values of ω (synchronous 

angular velocity). period of rotation P, and orbital radius r.  
We also express r in terms of the planetary radius R as  

ρ = r/R.  [Its present value for Mars is 6.01 Martian radii.] 
 
These values are presented in the Table below. 
 
We now assume for simplicity that capture takes place with 
an impact parameter of 2R (well within the classical Roche 
limit) and with an inclination of 180    Subtracting this or-
bital angular momentum of M-M from the present angular 
momentum of Mars (which is also the total angular momen-
tum of the system), we can calculate the initial angular mo-

mentum Ji and angular velocity ωi of Mars and the kinetic 
energy of rotation dissipated as M-M reaches its synchro-
nous prograde orbit (when also the angular velocity of Mars 
reaches its minimum value). 
 

Discussion:  All known hypotheses about the ori-
gin of the Martian satellites involve some ad hoc assump-
tions; some also violate the laws of physics.  The hypothesis 
that they may be the surviving fragments of a once-captured 
planetesimal requires a minimal number of assumptions and 
is not contradicted by any physical law.  It may also serve to 
explain other observed features of Mars, such its early melt-
ing [4].  Most important, it leads to definite predictions about 
Phobos and Deimos; they should be similar  -- even though 
they look different. 
 
******** 
Based on research performed as Visiting Scientist at the 
Lunar & Planetary Institute in Houston in October 2002 
*************************************** 
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[1]  S.F. Singer. Geophys. J. Royal Astron. Soc. 15, 205-226, 
1968; …”Origin of the Moon by Capture” in The Moon (W. 
Hartmann et al., ed.) LPI, Houston, 1986, pp, 471-485.   
[2] S.F. Singer, “The Martian Satellites” in Physical Studies 
of the Minor Planets (T. Gehrels, ed.) NAS SP-267, 1971.  

[3] H. Gerstenkorn. Z. Astrophys. 36, 245-274 (1955);   
G.J.F. MacDonald. “Tidal Friction” Rev. Geophys. 2, 467-
544 (1964).   
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******************************************* 
Parameters for Mars and Satellites (in CGS units) 
===================================== 
Mars: Mass M=6.4*1026; Rmean=3340 km; I=2.5*1043 
-------------------------------------------------------------------------- 

Present Values 
Rot. period=24.6hr (88620 s); ω =7.1*10-5; JM=1.79*1039 

===========================================
= 
 
Assumed values for m/M 

µ:       0.0005            0.001           0.002 
------------------------------------------------------------------------- 
 

Values at Synchronous Orbit 
Ang. vel. ω (10-5)    6.78                        6.39                 5.53  
 
Period P (hr)            25.7                       27.3                 31.6 
 

ρ=r/R                      6.18                       6.44                   7.1 
 
KErot/M  (107)           9                              8                       6 
--------------------------------------------------------------------------
-- 
 

Initial values for Mars 
Ang mom Ji (1039)   1.87                     1.94                    2.09 
 

Ang vel  ωi  (105)… .7.5                       7.8                     8.4 
 
Period  Pi(hr)           23.3                        22.3                20.7 
 
KErot/M  (107)           11                         12                      14 
------------------------------------------------------------------------ 
KE dissipated/M (107) 2                         4                        8 
(KEinit – KEsynch)  
********************************************* 
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TES LIMB-GEOMETRY OBSERVATIONS OF AEROSOLS.  Michael D. Smith1, 1NASA Goddard Space
Flight Center, Greenbelt, MD 20771 USA (Michael.D.Smith@nasa.gov).

Introduction:  The Thermal Emission Spectrome-
ter (TES) on-board Mars Global Surveyor (MGS) has a
pointing mirror that allows observations in the plane of
the orbit anywhere from directly nadir to far above
either the forward or aft limbs (see [1] for details about
the TES instrument). Nadir-geometry observations are
defined as those where the field-of-view contains the
surface of Mars (even if the actual observation is at a
high emission angle far from true nadir). Limb-
geometry observations are defined as those where the
line-of-sight of the observations does not intersect the
surface. At a number of points along the MGS orbit
(typically every 10° or 20° of latitude) a “limb se-
quence” is taken, which includes a stack of overlap-
ping TES spectra from just below the limb to more
than 120 km above the limb. A typical limb sequence
has ~20 individual spectra, and the projected size of a
TES pixel at the limb is 13 km.

Thermal Emission Spectrometer (TES) observa-
tions of the limb have two key advantages over nadir
observations. First, information about the vertical dis-
tribution of aerosols and water vapor are possible since
observations at different tangent heights above the sur-
face sample different vertical levels of the atmosphere.
Nadir-geometry observations, even those with varying
emission angle always sample the entire atmosphere
and the surface. Limb-geometry observations do not
directly sample the surface or the atmosphere below
the tangent height of the observation at all. Some pho-
tons from the surface and lower atmosphere can be
scattered into the observed beam, but those contribu-
tions are relatively small and can be computed. The
different heights sampled by limb observations allow
the retrieval of information about the vertical distribu-
tion of aerosols, which is very limited or not possible
to get from nadir-geometry data.

 The second key advantage of limb-geometry ob-
servations is that because there is always a large ther-
mal contrast between the atmosphere and the back-
ground of deep space, aerosol retrieval can be per-
formed for all seasons, latitudes, and times of day. Na-
dir-geometry retrievals are limited to times when the
surface temperature is sufficiently greater than bulk
atmospheric temperature to produce measurable spec-
tral features. In practice, this limits nadir retrievals to
daytime conditions away from the winter pole when
the surface temperature is > 220 K. On the other hand,
limb-geometry observations always have sufficient
thermal contrast, so pole-to-pole coverage is possible
for all seasons, as well at both day and night.

Retrieval Method: Four “spectral quantities” are
abstracted from the limb-geometry TES spectra: 1) a
band depth centered at 470 cm-1 (expressed as a radi-
ance) that is characteristic of dust absorption, 2) a
change in slope (or an “elbow”) in the spectrum at 300
cm-1 that is characteristic of water ice absorption, 3) a
radiance index based on the averaged band depth of 6
water vapor bands between 200 and 400 cm-1, and 4)
the radiance at 470 cm-1, which is used to verify the
overall scaling of retrieved optical depth. We use just
these four spectral quantities instead of the entire radi-
ance spectrum for several reasons. Firstly, using only
these four spectral quantities (instead of the several
dozen observed radiances in this spectral region)
greatly reduces the computational burden for the re-
trieval. Secondly, use of band depths removes offset
and slope calibration errors that are apparent in TES
limb data.

The four spectral quantities for each limb-geometry
spectrum are then binned. Daytime and nighttime data
are treated separately. The bins used have a size 10° in
latitude, 6° in Ls (seasonal date), and 3 km in height
above the limb. This gives a total of ~1800 bins each
for day and night. All longitudes are binned together,
so results are zonal-mean quantities. The data pre-
sented here cover the two Martian years from the be-
ginning of MGS mapping at Ls=103°, March 1999 to
Ls=111°, December 2002.

For each time-of-day, Ls, and latitude, the four
spectral quantities in the set of bins from 12 km to 69
km above the surface are used in the retrieval. Six
quantities are retrieved: 1) total dust extinction optical
depth, 2) Conrath parameter, n, describing the height
to which dust extends above the surface [2], 3) total
water ice extinction optical depth, 4) height of the
bottom of the cloud deck, 5) total column abundance
of water vapor, and 6) height of the top of the water
vapor. The vertical distribution of dust is defined
through the Conrath parameter [2] and is based on a
physical model balancing vertical mixing and gravita-
tional settling. The vertical distribution of water ice is
given by the height of the bottom of the cloud deck.
There is no water ice below that level, and the cloud
optical depth drops off above that level with a scale
height one-third that of the atmosphere (giving a typi-
cal cloud thickness of a few km). The vertical distribu-
tion of water vapor is given by the height of the top of
the water vapor. Below that level water vapor is well-
mixed with the rest of the atmosphere. Above that
level there is no water vapor.
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The retrieval requires knowledge of surface and
atmospheric temperatures. They are retrieved from the
15-µm CO2 band of the TES spectra beforehand [3]
and binned in the same Ls/latitude/time-of-day bins as
the limb data. Scattering properties (single-scattering
albedo and phase function information) are also re-
quired and are taken from [4] and new numerical ex-
periments performed for this study.

The retrieval is accomplished by performing an it-
erative non-linear minimization between computed and
observed spectral quantities (the four band depth
quantities described earlier). Spectral quantities are
computed for a given set of aerosol optical depth and
vertical distribution parameters by a radiative transfer
code. Scattering by aerosols is treated using discrete
ordinates. Gas absorption (water vapor) is treated using
the correlated-k approximation. The diffuse field is
computed using a plane-parallel model, but the ob-
served spherical-geometry radiance is approximated by
taking a curved path through the plane-parallel results
that has a path-length and angle with respect to vertical
that is computed using spherical geometry and the
given tangent height for that particular ray. The finite
vertical size of the TES pixel is accounted for by inte-
grating over a number of rays spaced every 3 km in
tangent height. The retrieval for one bin typically takes
several minutes on a modern desktop computer.

Results:  Figure 1 shows daytime results for dust
optical depth and effective height of the top of the dust
computed from the retrieved Conrath parameter. The
seasonal and latitudinal dependence of dust optical
depth is very similar to TES nadir-geometry results [5].
However, now we can see dust optical depth from
pole-to-pole instead of in a band that follows the Sun.
This is important (for example) in looking at the latitu-
dinal extent of the dust storms. With nadir-geometry
data alone it is not possible to track through the storm
the extent to which the northern-hemisphere polar
vortex excludes dust from its interior. In Fig. 1 we can
see that indeed the polar vortex does act as an efficient
barrier to meridional transport. The effective height of
the top of the dust vertical distribution is important for
correctly modeling thermal structure and the resulting
circulation patterns. The bottom panel of Fig. 1 shows
that during dust storms dust is lofted considerably
higher (well above 5 scale heights or ~50 km) than
during non-dusty times. During the decay of dust
storms, dust remains aloft higher above the surface at
low latitudes than at mid- and high latitudes, perhaps
because of rising motions at low latitudes caused by
the Hadley circulation. In the aphelion season, and at
almost all seasons at polar latitudes, dust remains con-
fined near the surface.

Figure 2 shows an example of the limb-geometry’s
ability to detect differences between daytime and
nighttime. Although it is unlikely that dust changes
very much on a diurnal cycle, water ice condensate
clouds can form and sublimate given small changes in
atmospheric temperature. Solar thermal tides and
changes in the direct solar heating can potentially cre-
ate diurnal temperature changes large enough to cause
large diurnal variations in water ice optical depth. In-
deed, Fig. 2 does show such large differences. In par-
ticular, the most prominent daytime feature (the aphe-
lion season, Ls=0°–140°, cloud belt) is reduced at low
latitudes but enhanced at higher latitudes. At Ls=300°,
a prominent low-latitude cloud appears at nighttime in
both years but does not seem to have any daytime
counterpart.

However, a very important point to remember is
that because the TES pixel is 13 km wide at the limb,
we cannot see anything in the limb-geometry below
about 10 km above the limb. Near-surface fogs and
hazes and low-lying ice and dust clouds are not de-
tected by the TES limb-geometry data. It is possible
(or even probable) that water ice clouds that are above
10 km height during the daytime (and thus visible in
limb-geometry observations) can move to below 10 km
height during the nighttime (and thus not be visible in
limb-geometry observations). Combination of limb-
geometry and nadir-geometry observations (which
views all levels of the atmosphere) can potentially re-
solve this question and provide even better information
on aerosol vertical distribution.

Summary: TES limb-geometry spectra can be
used to retrieve the optical depth and vertical distribu-
tion of dust, water ice, and water vapor. The pole-to-
pole coverage of the retrievals, information on the ver-
tical distribution of aerosols, and the ability to compare
daytime and nighttime results are all advantages that
limb-geometry observations have over nadir-geometry.
However, limb-geometry observations cannot see the
lowest 10 km of the atmosphere, and they have rela-
tively sparse seasonal/spatial coverage. When com-
bined, nadir and limb observations can be used to pro-
vide further constraints on the vertical distribution of
aerosols and a more complete description of aerosols
than is possible using either one by itself.
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aerosols from Thermal Emission Spectrometer Data,
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J. Geophys. Res.  106, 23,929.
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Figure 1.  (top) Dust extinction optical depth (1075 cm-1) as a function of season (Ls) and latitude from TES limb-
geometry observations. The color scale goes from 0 (purple) to >1 (red), (bottom) The effective height of the top of
the dust (computed from the retrieved Conrath parameter) expressed in terms of scale heights above the surface. The
color scale goes from 1 (purple) to >5 (red) scale heights.
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Figure 2. (top) The daytime (2:00 PM) water-ice extinction optical depth (825 cm-1) as a function of season (Ls)
and latitude from TES limb-geometry observations. (bottom) The nighttime (2:00 AM) water-ice extinction optical
depth as a function of season and latitude. The color scale goes from 0 (purple) to 0.2 (red) for both panels.
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THEMIS OBSERVATIONS OF ATMOSPHERIC AEROSOL OPTICAL DETPH.  Michael D. Smith1, Joshua
L. Bandfield2, Philip R. Christensen2, and Mark I. Richardson3, 1NASA Goddard Space Flight Center, Greenbelt,
MD 20771 USA (Michael.D.Smith@nasa.gov), 2Arizona State University, Tempe, AZ 85287 USA, 3California In-
stitute of Technology, Pasadena, CA 91125 USA.

Introduction: The Mars Odyssey spacecraft en-
tered into Martian orbit in October 2001 and after suc-
cessful aerobraking began mapping in February 2002
(approximately Ls=330°). Images taken by the Ther-
mal Emission Imaging System (THEMIS) on-board
the Odyssey spacecraft allow the quantitative retrieval
of atmospheric dust and water-ice aerosol optical
depth. Atmospheric quantities retrieved from THEMIS
build upon existing datasets returned by Mariner 9,
Viking, and Mars Global Surveyor (MGS). Data from
THEMIS complements the concurrent MGS Thermal
Emission Spectrometer (TES) data by offering a later
local time (~2:00 for TES vs. ~4:00-5:30 for THEMIS)
and much higher spatial resolution.

THEMIS Instrument Characteristics: The
THEMIS instrument contains a thermal infrared
wavelength focal plane with 10 spectral filters ranging
from 6.6 to 15 µm, and a visible wavelength focal
plane with 5 spectral filters ranging from 423 to 870
nm. Although atmospheric observations using the visi-
ble light filters can be used to identify water ice and
dust clouds, we concern ourselves here with data from
the thermal infrared only.

THEMIS infrared images are 320 pixels wide with
a spatial resolution of 100 m/pixel, so the images are
32 km wide. Images are of variable length, often
stretching for several thousand pixels along the orbit
track (which runs in a roughly north-south direction).
At each pixel, data is returned in up to 10 spectral
bands. THEMIS bands # 1 and 2 have the same spec-
tral response, so there are 9 distinct spectral bands with
centers at 6.62, 7.88, 8.56, 9.30, 10.11, 11.03, 11.78,
12.58, and 14.96 µm, respectively for bands # 1/2
through 10. Each spectral band has a bandwidth of
about 1.0 µm. The top panel of Fig. 1 shows the
THEMIS bands (Recall that wavenumber = 10,000 /
wavelength in microns). The bottom panel of Fig. 1
shows the spectral dependence of absorption features
caused by dust, water ice, and a non-unit surface emis-
sivity basaltic surface at THEMIS spectral resolution
[1, 2]. Notice that the dust and water-ice spectral fea-
tures are resolved and well-described even at the rela-
tively low spectral resolution of THEMIS. However,
notice also that the spectral dependence of dust and the
basaltic surface are very similar over this spectral
range. This makes it difficult to separate their contri-
butions using THEMIS data alone. This point will be
discussed in more detail in the “Retrieval Methods”
section that follows.

Figure 1. (top) The spectral response of the 10
THEMIS bands. Note that bands # 1 and 2 have the
same spectral response. (bottom) The spectral depend-
ence of absorption features caused by dust, water ice,
and a non-unit surface emissivity basaltic surface at
THEMIS spectral resolution. Note that the “x-axis”
quantity is similar but not the same for these two plots.

Although the primary goals of the THEMIS in-
strument are to determine surface mineralogy and to
study small-scale geologic processes and thermophysi-
cal properties, atmospheric science is also a priority of
the THEMIS science team. The spectral range covered
by THEMIS contains strong signatures of atmospheric
dust and water-ice aerosols and is well-suited for the
quantitative retrieval of aerosol optical depth.

Retrieval Mehods: Following the algorithms used
for TES [3,4], dust and water ice optical depth are r e-
trieved simultaneously in a separate step after the at-
mospheric temperature profile T(p) has been estimated.
The basic idea is to find the values of dust and water
ice optical depth that provide the best fit between com-
puted and observed radiance. The observations we use
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are THEMIS bands 3 through 8. Bands 1 and 2 are not
used because of contributions from water vapor and
surface emissivity effects, and because of uncertainties
in the aerosol spectral dependence in that spectral re-
gion. Band 9 is not used because of contributions from
the wings of the 15-µm CO2 band.

Although the above retrieval takes only a small
fraction of a second, it is still not practical to perform
on a pixel-by-pixel basis because of the large number
of pixels in THEMIS infrared images. Instead, we per-
form the retrieval on blocks of data called “framelets”
that are 320 pixels wide (the width of the image) by
256 pixels long (along track). This translates to 32 x 26
km, or roughly one-third of a degree square. This spa-
tial resolution is sufficient to resolve most atmospheric
variations of interest, and the capability for spatial av-
eraging of any size (including pixel-by-pixel) has been

retained for special investigations involving small-
scale processes.

Because the spectral dependence of surface emis-
sivity is often very similar to that of atmospheric dust
(see the “dust” and “basalt surface” lines in the bottom
panel of Fig. 1), we do not attempt to independently
retrieve surface and atmospheric components on the
framelet scale. The surface emissivity at this scale has
already been very well determined using TES spectra
[5,6], so we account for non-unit surface emissivity by
simply using the maps created by TES. TES can easily
distinguish between dust and a basaltic surface because
the spectral shape of dust and basalt are much more
different in the 20-40 µm wavelength range that is ob-
served by TES but not by THEMIS.

Figure 2. An overview of daytime THEMIS aerosol observations is shown as zonal averages as a function of lati-
tude and season (Ls). (top) dust optical depth at 1075 cm-1 scaled to an equivalent 6.1 mbar pressure surface, (bot-
tom) water-ice optical depth at 825 cm-1.
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Overview of THEMIS Atmospheric Observa-
tions: The results presented below were derived using
data from the beginning of Mars Odyssey mapping at
Ls=330° (20 February 2002) to Ls=71° (21 September
2002). In Fig. 2 we show the seasonal and latitudinal
variation of dust and water-ice aerosol optical depth
over that period. Zonal means of dayside data are pre-
sented. Local time for the observations varies from
roughly 3:00 PM in the beginning to 4:30 PM at the
end. The retrieval of aerosol optical depth is restricted
to those spectra with a surface temperature >220 K to
ensure adequate thermal contrast between the surface
and the atmosphere. Because dust optical depth is usu-
ally nearly well-mixed with CO2, it has been scaled to
a 6.1-mbar equivalent pressure surface to remove the
effect of topography. Water-ice optical depth is not as
closely well-mixed as dust and so are not scaled. Esti-
mated uncertainties for aerosol optical depth in Fig. 2
are 0.03.

Apparent in the top panel of Fig. 2 is the decay of a
moderate regional dust storm. The dust storm was ob-
served by TES to have begun at Ls~315°. Very low
dust optical depth is observed in the southern hemi-
sphere after Ls=0°. There is a single relatively high
opacity point (optical depth of 0.37) at high northern
latitudes at Ls=71° which may represent activity along
the edge of the retreating northern seasonal polar ice
cap.

The bottom panel of Fig. 2 clearly shows the return
of the aphelion season cloud belt. The amplitude and
latitudinal extent of the cloud is consistent with TES
observations [7]. Maps of the latitude-longitude distri-
bution of THEMIS water ice optical depth (figure not
shown here) are very similar to those derived from
TES data [4].

Summary: Infrared data from the Thermal Emis-
sion Imaging System (THEMIS) can provide informa-
tion about atmospheric temperature, dust and water ice
aerosol optical depth. Observations taken during late
northern winter and spring show the decay of a re-
gional dust storm and the formation of the aphelion
season water-ice cloud belt in good agreement with
TES observations.

Atmospheric observations by THEMIS provide the
potential to complement the extensive atmospheric
data concurrently being returned by MGS TES.
Throughout the remainder of the nominal Odyssey
mission, the local solar time for THEMIS observations
will be between 4:00 and 5:30 AM/PM.  The differ-
ence of up to 3 hours between TES and THEMIS ob-
servations will allow some measure of the diurnal
variation of aerosols (especially water-ice clouds) to be
determined. Furthermore, the small spatial scale that
can be resolved by THEMIS allows the study of phe-
nomena not visible from TES such as dust devils.
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THE PHOENIX SCOUT MISSION.  P. H. Smith, Lunar & Planetary Lab, University of Arizona, 1629 E. University Ave, 
Tucson, AZ 85721, psmith@lpl.arizona.edu. 

 
Introduction:  Scout missions to Mars were proposed in 

response to a NASA Announcement of Opportunity (AO); 
20 full mission proposals were received in August 2002.  All 
missions were required to launch in 2007 and meet a cost cap 
of $325M that encompasses all mission costs including the 
launch vehicle and a healthy reserve.  The cost cap proved to 
be a tight constraint forcing many proposers to descope their 
original concepts.  Step 1 proposals were judged in a rigor-
ous series of reviews primarily on the basis of their science 
goals and implementation; however, no missions that were 
deemed high risk by the technical review panel were se-
lected.  In December 2002, four missions were selected to 
proceed into Step 2, a 6-month Phase A study to advance the 
technical design, management plan, and cost to a level of 
detail that ensures that the mission can meet all its science 
goals within the cost cap.  Phoenix was one of the four mis-
sions selected.  A final decision in August 2003 will author-
ize a single mission to proceed. 

Strategy:  From the beginning our strategy has been to 
capture the low cost, low risk, and good science corner of the 
proposal range.  Clearly, low cost comes from building on 
assets created for previous missions.  The AO allowed the 
use of the 2001 lander that was canceled after the loss of two 
spacecraft in 1999.  The spacecraft was four months into 
final assembly and test (ATLO) and many instruments were 
already delivered; the spacecraft and instruments have been 
mothballed ever since waiting for an opportunity for reflight.  
In addition, the Mars Polar Lander with its MVACS instru-
ment package was lost after completion of integrated testing, 
a Ground Data System (GDS) development, and the mission 
sequences.  The knowledge to rebuild these instruments still 
exists.  The challenge that faced the Phoenix team was how 
to choose among the wealth of existing hardware and knowl-
edge to produce a scientific mission capable of meeting 
NASA goals for exploring Mars and exciting both the public 
and ourselves.  We have succeeded in this goal by virtue of 
an exciting discovery announced a few months prior to the 
proposal due date. 

Phoenix science goals.  The Odyssey Gamma Ray Spec-
trometer (GRS) team announced in Spring 2002 the discov-
ery of large amounts of water ice poleward of 60 degrees 
latitude within a few 10s of centimeters of the surface [1,2].  
Mellon and Jakosky [3] and other scientists had predicted for 
some time that ice would be stable near the surface in bal-
ance with water vapor diffusion through an overburden of 
regolith.  The actual measurement of ice with 3 independent 
instruments allowed the GRS team to estimate the depth and 
abundance of ice with a simple two-layer model.  The 
amount of ice is on the border of being too large for vapor 
diffusion appearing more like a dirty-ice layer than icy dirt.   

Of all the accessible sources of water on Mars this near 
surface icy layer seems to us to represent the greatest poten-
tial for hosting habitable zone.  Recent work has verified our 
hopes [4] that periodically, through variations in obliquity 
and precession of the polar axis, the temperature of the ice-
soil boundary exceeds –20 C and melting can occur.  
Granted the melting may only produce a monolayer of water 
on crystalline surfaces, but this is enough to allow mobility 
and maintenance in biologic communities on Earth.  Higher 
temperatures will allow reproduction and growth. 

Phoenix will land in the northern near-polar region and 
dig through the regolith searching for the ice-soil boundary.  
Instruments on the deck will receive samples and analyze the 
chemistry, the volatile inventory, the grain morphology, and 
the biologic potential of this zone.  Although there are no 
“life-detection” instruments on board, we suspect that a long 
term active biological community will leave observable sig-
natures in the soil horizons and chemical tracers in the ice.   

Even if the ice layer cannot by reached at our landing 
site, Phoenix will become the first scientific station in the 
important polar regions to return useful data.  Not only will 
the soil be trenched and surface features examined for evi-
dence of a freeze-thaw cycle, but the weather throughout the 
polar summer and fall will be monitored.  Temperature, pres-
sure, and dust opacity will be measured on an hourly basis.  
In addition, the atmospheric composition will be quantified 
using a mass spectrometer; this instrument also monitors 
relative humidty.  A lidar will make measurements of the 
boundary layer for the first time to be compared with 
mesoscale models that are now becoming an important tool 
in predicting near-surface weather. 

Images from four cameras will allow visualization of the 
site in an unprecedented manner.  During descent a wide-
field camera will produce a set of nested images surrounding 
the landing site.  After landing, these will be compared to 
panoramic images so that the exact distances from the lander 
to features of interest can be computed.  The panoramic cam-
era is also stereoscopic and multi-spectral throughout the 
sensitive range of the CCD detector; its resolution is equiva-
lent to the PanCam on MER, about 0.25 mrad/pixel.  A cam-
era on the robotic arm that digs the trench starts to reduce the 
scale at which we examine the scene; closeup images of the 
trench walls will provide insight into the layered structure 
and grain size of the soil.  Samples will be provided to an 
optical microscope housed on the deck that allow images of 
the tiny grains to 4 microns per pixel.  Finally, an Atomic 
Force Microscope has been developed to enlarge our view of 
selected objects on the microscope stage to resolve structures 
at the 10 nm scale. 

To summarize, our goals are to understand the near sur-
face chemistry and geology of a polar landing site.  We will 
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examine the ice-soil boundary for periodic melting and bio-
logic potential, our goal is to detect an accumulation of or-
ganic molecules associated with this boundary.  The hazards 
to life that exist in the ice layer, particularly salts and oxi-
dants, will be quantified.  Finally, we will characterize the 
polar weather throughout northern summer with particular 
attention to the distribution of water in all its phases. 

Implementation.  Phoenix will modify the 2001 lander 
according to the recommendation of the Young commission 
[5] and the Casani JPL review board [6]; this lander has 
probably endured more reviews than any other.  The lander 
has been stored for 2 years at the Lockheed Martin Astro-
nautics facility in Denver; they will be responsible for refur-
bishment and improvements along the guidelines from the 
review boards.  Guided entry, a hazard avoidance system, 
and full communications during entry and descent will re-
duce the risks to an acceptable level.  Communications will 
include UHF relay to orbiting assets (MGS, Odyssey, and 
MRO) and a high gain antenna for a direct-to-Earth link. 

Many of our instruments are already delivered.  The de-
scent imager (MARDI), the robotic arm with its camera, and 
the MECA instrument with its wet chemistry cells and mi-
croscopes are in bonded stores at JPL.  Other instruments are 
build to print from the Mars Polar Lander (MPL): the pano-
ramic camera (SSI), and TEGA.  New instruments include 
the MET with a lidar provided by Canadian partners, and a 
mass spectrometer. 

The Phoenix project is led by Peter Smith as PI with a 
25-member science team.  Leslie Tamppari has been chosen 
as the Project Scientist at JPL.  Several of the science team 
members are also responsible for instrument performance:  
William Boynton for TEGA at the University of Arizona 
(UA), Michael Hecht for MECA at JPL, Michael Malin for 
MARDI at MSSS, Horst Keller for RAC from the Max 
Planck Institute for Aeronomy in Germany, Alan Carswell 
for the MET package in Canada, Mark Lemmon for the cam-
era systems at the UA, and Ray Arvidson for the robotic arm 
at JPL. 

An important aspect of any mission is the Education and 
Public Outreach portion.  Two percent of our budget is de-
voted to this part and all activities will be led by a manager at 
the UA who reports directly to the PI.  Each member of the 
science team will contribute to the EPO activities.  Other 
important elements contribute to the training of teachers, 
curriculum support, provide exhibits to museums and science 
centers, and create exciting visual product that illustrate the 
mission. 

Mission scenario:  After a launch in August 2007, 
Phoenix will land in late May 2008 at Ls=78 (late spring) at 
70 N.  The landing site will be chosen through a community-
wide selection process balancing scientific interest with en-
gineering constraints.  The engineering data acquired during 
descent and the descent images plus the first panoramic im-
ages will be returned immediately.  The first week will be 

reserved for examination of the landing site with the remote 
sensing cameras and calibration of the instruments. A suc-
cessful landing will give the Mars program a much needed 
landing vehicle for future missions.   

The digging phase (first 90 sols).  After surface samples 
are collected and verified, trench digging begins.  The sam-
pling stategy requires surface samples, samples from within 
the dry regolith and samples from the ice-soil boundary.  If 
the robotic arm is capable of digging into the icy soil, an-
other sample will be collected from within the ice.  To be 
sure of getting an ice sample, ripper tines and scrappers are 
added to the back of the scoop.  The digging and sampling 
activities have been grouped into 9-sol cycles that include 4 
days of digging and monitoring the trench and 5 days of 
examining samples with TEGA and MECA.  Seven of these 
cycles are baselined with adequate reserve added in case 
digging is more difficult than planned. 

Polar climate phase.  As fall approaches, Phoenix will 
continue to operate until the Sun is too low on the horizon to 
charge the batteries.  This is period when power must be 
conserved.  Limited imaging will look for the first carbon 
dioxide frost deposits as the seasonal cap approaches.  The 
MET instruments will record the decrease in temperature and 
pressure.  And humidity measurements will record the varia-
tions of water vapor abundance.  We do not expect that the 
lander will survive the winter and have no plans for its re-
covery in the spring. 
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Introduction: The global dichotomy is a funda-

mental feature of Mars. It marks the boundary between 
the highly cratered, older southern highlands, and the 
northern plains. Recent analysis of buried craters in the 
northern lowlands confirms the long held suspicion that 
they are comparable in age to the southern highlands, 
but with surficial deposits of younger material [1,2].  A 
variety of exogenic and endogenic models have been 
proposed for the origin of the dichotomy, including 
multiple impacts [3], plate tectonics [4], and degree 
one convection produced by core formation [5-7], a 
plume under the lowlands [8], or a plume under the 
highlands [9].  New gravity and topography data from 
the Mars Global Surveyor (MGS) Mission favor en-
dogenic processes [1]. 

In this study we examine MGS topography, gravity 
and magnetic field data to constrain the tectonic history 
of the dichotomy in the region 30-60N and 50-90E (see 
Figure 1), which encompasses portions of the Ismenius 
Lacus quadrangle.  The dichotomy formed very early 
in the history of Mars and has undergone extensive 
modification by impact cratering, erosion, and faulting. 
This history must be carefully interpreted in order to 
reconstruct the original nature of the dichotomy bound-
ary and ultimately discriminate between models of ori-
gin. In the study area boundary-parallel faults are well 
preserved, and may be the result of gravitational re-
laxation.  The geologic history has been examined in 
detail, including estimates of volumes of material 
eroded [10].   Further, it is one of the few regions 
where there is a correlation between the free air grav-
ity, magnetic anomalies, and the geology.  This allows 
us to constrain subsurface faulting beneath the low-
lands fill material.  In addition to being an excellent 
location to unravel the complex history of the dichot-
omy, this area preserves the transition from a highly 
magnetized highlands crust to an unmagnetized or 
slightly magnetized lowlands crust. 

Analysis:  Structural geology. The dichotomy 
boundary in the study is highly dissected by normal 
faults that parallel the boundary.  In addition to the 
obvious normal faults, Dimitriou [11] mapped a NW-
trending buried fault or monocline in the lowlands par-
allel to the dichotomy boundary. The fault location was 
identified based on the abrupt disappearance of inliers 
of older, partially embayed material marking a transi-
tion from smooth to very smooth plains materials.  
Dimitriou interpreted this transition as evidence of a 

structural bench, approximately 400 km wide, possibly 
down dropped from the original plateau height.  

 

 
Figure 1.  Viking imagery is a shown as the gray-

scale background.  The vertical component of the 
crustal magnetic field from the map of Purucker et al. 
[3] is shown in color, with negative values in blue [-
100 to –50 nT], light green [-50 to –25 nT], and dark 
green [-25 to –10 nT] and positive values in yellow 
[10-25 nT], orange [25-50 nT], and red [50-100 nT].  
The buried fault [11] is shown as a black line. The 
white line indicates the position of a magnetic profile 
(see Figure 3).  The Bouguer gravity derived from 
MGS75D is shown as 50 mgal contours, with blue con-
tours indicating negative anomalies, white lines the 0 
contour, and red lines the positive anomalies. 

 
Examination of MOLA topographic profiles across 

this area, as well as gridded data, shows that there is a 
break in slope at the location of the buried fault and 
confirms the transition from knobby to smooth terrain.  
The region between the fault and the steep edge of the 
dichotomy boundary is approximately 500 km across 
and has no appreciable slope.  This supports the inter-
pretation of the boundary as a fault, and is consistent 
with the shelf representing a fault block.  One question 
is whether the block was originally part of the high-
lands and then down dropped or eroded down to its 
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present level, or if it was always low and thus topog-
raphically part of the lowlands.  This question could 
help constrain the timing of the formation of the di-
chotomy scarp and will be examined further using cra-
ter counts. 

Gravity and Magnetic Fields. In this study area, the 
pattern of magnetic anomalies is generally correlated 
with both the Bouguer and the free air gravity field 
(Figure 1).  Interestingly, the location of the proposed 
buried fault coincides with a polarity boundary in the 
magnetic field and is parallel to the contours of the 
gravity field (see Figure 1).  Note that the map of Pu-
rucker et al. [12] represents the radial magnetic field 
only.  Thus the actual location of highs and lows in the 
vector magnetic field may be shifted somewhat. The 
observed correlation between the gravity and magnetic 
fields indicates that the magnetic field variations are 
associated with changes in density.  

The amplitude of the magnetic field in this area in-
dicates a bulk magnetization contrast much lower than 
in the highly magnetized Terrae Sirenum/Cimmeria 
region of the southern highlands.  This implies either a 
thinner magnetic source layer of equivalent magnetic 
intensity, or a lower intensity of magnetization than in 
the areas of strong magnetic fields, or both.  

Admittance studies provide constraints on the com-
pensation mechanism in the region.  Isostatic compen-
sation would indicate that the area is currently being 
supported by density differences at depth.  Flexural 
compensation reflects the thickness of the elastic litho-
sphere at the time when loading occurred, most likely 
when either the dichotomy formed or when the fault 
scarps formed.  Admittance models show a good fit to 
the data for a crustal thickness value of 20 km and an 
elastic thickness of 10 km.  This elastic thickness value 
is close to 0 km, which would indicate an isostatic 
compensation mechanism.  This estimate of the elastic 
thickness is in good agreement with estimates from 
other areas of the southern highlands [13], but lower 
than the value found for a large region of the southern 
highlands [14] .  We will carry out an error analysis to 
determine whether or not a zero value of elastic thick-
ness is a reasonable, suggesting an isostatic compensa-
tion mechanism. 

As a first step towards placing constraints on the 
subsurface structure, we calculate the isostatic anomaly 
from the Bouguer gravity.  This approach assumes that 
the gravity anomalies that are left once the density 
variations due to both the topography and the crust are 
removed are due to variations in crustal thickness.  We 
examined various crustal layer thicknesses, assuming a 
density difference of 600 kg/m3 between the crust and 
mantle.  For the 20 km average crustal thickness ob-
tained from the admittance studies, we obtain crustal 

thickness variations of +8 km under the highlands, and 
–2 in the lowlands along a line perpendicular to the 
fault (see Figure 2).  If a thicker (thinner) crustal layer 
is used, either larger (smaller) variations in crustal 
thickness or larger (smaller) density contrasts are 
needed to match the observed anomalies.  

 

 
 

Figure 2.  The Bouguer anomaly resulting from re-
moving the gravitational contribution of the topogra-
phy and a 20 km thick crust.  Remaining variations in 
the gravity field are represented as variations in the 
thickness of the crust in km.  Light blue regions indi-
cate 2-4 km of crustal thinning, red areas are 2-4 km of 
crustal thickening, and dark red areas have 6-8 km of 
crustal thickening. The white line indicates the location 
of the modeled magnetic field profile.  The black line 
shows the position of the buried fault. 

 
Modeling of the magnetic field across the fault of-

fers additional insight into the subsurface structure. A 
series of crustal zones or blocks with coherent mag-
netization are used to model the observed magnetic 
field (Figure 3).  Note that the sign and intensity of the 
magnetization is constant in all of the blocks.  The 
changes in amplitude of the predicted field are a result 
of the thickness and spacing of the various blocks.  The 
tops of the blocks are located at the surface defined by 
MOLA data, and reflect the 3 km drop across the scarp 
that bounds the dichotomy.  An intensity of 20 A/m, 
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consistent with the high magnetic intensity in Terra 
Sirnum, is used for all blocks in this thin crust model.  
Using a lower intensity would result in thicker crust  
Estimated variations in crustal thickness across the 
dichotomy boundary from the Bouguer anomaly give 
an increase of +2-8, 0, -2, 0, and –2 km under the high-
land plateau, the edge of the plateau, the topographic 
shelf, the buried fault, and the plains to the north, re-
spectively.  The modeled variations in the thickness of 
a magnetic layer parallel the decrease in thickness from 
the plateau out to the buried fault.  However, in the 
plains, the gravity suggests a thinned crustal layer 
where the magnetic field model has a thicker layer.  
The apparent thinning of the crust in the plains may be 
at least partly attributed to low-density fill material. 
This possibility will be further investigated. 

 
Figure 3. Variations in the thickness of a layer magnet-

ized crust that fit the observed magnetic field.  The black line 
indicates the observed field along a profile perpendicular to 
the buried fault, starting in the highlands on the left, crossing 
the buried fault in the center, and continuing out into the 
plains.  The end points of the profile are 50E, 35N and 70E, 
49.5N.  The pink line is the predicted magnetic field.  The 
magnetic field predicted by different crustal blocks is shown 

in the center plot.  The blue line indicates the field produced 
by the blocks shown in blue and the red line corresponds to 
the red block in the plains. 

 
First, modeling indicates that breaks in the mag-

netization of the crust at both the steep topographic 
boundary of the dichotomy and the location of the bur-
ied fault are required in order to match the magnetic 
field.  The crust could lose its coherent magnetization 
by being disrupted by faulting, subsequent hydrother-
mal circulation, erosion, or a combination of these fac-
tors.  Second, modeling has shown that crust with a 
single polarity across the dichotomy and into the plains 
can match the observed signal.  North of the dichotomy 
boundary, the edge effect of a continuous source layer 
underlying the northern lowlands, or a discrete block 
can explain the observed signature. Thus the magnetic 
field signature alone cannot be used to infer a differ-
ence in the origin of the crust across the buried fault.   

 
Results and Discussion:  The correlation of the 

observed tectonic features with the gravity and mag-
netic fields in this region offer an unusual opportunity 
to constrain both the thickness and depth of the mag-
netic layer and the detailed geologic history of the di-
chotomy. The topographic shelf is interpreted as hav-
ing been dropped by 1.4 km from the original level of 
the plateau [11].  We cannot directly estimate the dis-
placement on the buried fault and thus simply assume 
that it is comparable to the displacement (~1.4 km) 
across the dichotomy boundary. The magnetized layer 
appears to be shallow enough to be affected by this 
faulting.  Analysis of the Bouguer gravity and magnetic 
data together support a near surface layer. The low 
estimate of the thickness of the crust from admittance 
modeling is also consistent.  Both the admittance mod-
eling and modeling of the Bouguer anomaly indicate 
that the crust cannot be much thicker than 20 km.  
Modeling of variations in the magnetic field is consis-
tent with a magnetized layer that is thinner than in-
ferred within the southern highlands.  This result is in 
contrast to the estimated 30-50 km thick magnetized 
layer in Terrae Sirenum and Cimmeria [15,16] .   

The necessity for gaps in the magnetized crust at 
the dichotomy scarp and at the buried fault indicate 
demagnetization of the crust via extensive disruption of 
the crust or hydrothermal alteration by enhanced flow 
of fluids along the faults.  The later mechanism has 
been suggested as means of demagnetizing the plains 
region and major basins [17].  Tectonic effects must be 
considered when interpreting other observed changes 
in the magnetic field. 

Our initial results suggest that the magnetized layer 
underlying the plains differs from the layer beneath the 
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EVOLUTION OF THE DICHOTOMY  S. E. Smerkar et a. 

 

highlands and the topographic shelf. Under the plains, 
the thickness of the crust suggested by modeling the 
gravity data decreases, while the magnetic layer thick-
ness appears to increase. This corroborates the inter-
pretation that the topographic shelf was originally part 
of the highlands.  It also suggests that the magnetic 
layer either has a greater susceptibility or a larger 
thickness than the magnetic layer under the neighbor-
ing highlands.  This could imply a different formation 
mechanism, mineralogy, or modification history.  Fur-
ther modeling of this layer and nearby magnetized 
plains regions will provide further information on this 
puzzle.  

Understanding the details of the change in the mag-
netization of the crust from the highlands to the low-
lands in this one area, where there are numerous con-
straints, may shed light on overall differences between 
the generally highly-magnetized highlands and low-
lands, which typically have little to no magnetization.  
The lack of correlation of gravity and magnetic data in 
most regions of Mars may be due to a higher level of 
subsequent mechanical or thermal modification.  Alter-
natively, variability in the magnetic layer may not have 
corresponding changes in density; conversely, density 
differences in a deeper layer would have smaller asso-
ciated anomalies.  

Prior studies have place bounds on the global 
crustal thickness and rates of relaxation of the dichot-
omy boundary [2,18].  Final results of this study will 
provide important constraints for modeling the evolu-
tion of the dichotomy boundary in this area.  Timing 
and location of fault formation, final thickness of the 
crust, and the initial elastic thickness are key con-
straints for models of plateau relaxation.   The goal of 
such models is to distinguish between models for the 
formation of the dichotomy by constraining the thermal 
and rheologic changes across the boundary with time.  
Another goal of the study is to determine whether 
hydrothermal (chemical) demagnetization or thermal 
demagnetization of the plains is more plausible.  Future 
work will include crater counts to constrain the timing 
of the formation of the topographic shelf and error 
analysis of lithospheric parameters derived from grav-
ity and magnetic models. 
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INVESTIGATIONS OF MARTIAN DUST DEVILS. C. Stanzel, M. Pätzold, F. M. Neubauer,Institut für Geophysik und
Meteorologie, Universität zu Köln, Germany.

Dust devils are dust-raising vortices, which occur typically
in the afternoon, when the ground has warmed up the overlying
air and which now begins to ascend. Small sand particels can
be taken up by this ascending air and make the vortices visible.
This is a well-known phenomenon on Earth.
The analysis of the Viking Orbiter images taken from 1976
to 1980 showed a main occurrence of dust devils likewise in
the afternoon in the summer of the northern hemisphere. It is
assumed that dust devils are responsible for the entry of dust in
the atmosphere and therefor represent an important aspect in
the physics of the boundary layer of the martian atmosphere.
Dust devils are recognized in Viking Orbiter images as bright
clouds with long elongated shadows. Another characteristic is
that dust devils are moving. A strict positive criterion for dust

devil recognition during the investigation of Viking Orbiter
images was the nonexistence of the characteristics on follow-
ing or preceding images. Altogether over 250 dust devils were
discovered, including dust devil candidates without second
image. These phenomenons are most frequent between 14.30
and 16 pm in local afternoon. The height is 1000 m on average
and the base diameters range from 200 to 300 m.
The analysis of Viking and Mars Global Surveyor images will
be continued by using pattern recognition techniques. This
will be continued with the HRSC experiment on Mars Express
starting in 2004 to receive further results regarding the tem-
poral and spatial occurrence, the height, the motion and the
direction of motion as well as the velocity and the dust entry
into the atmosphere.
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DRAINAGE DENSITIES OF COMPUTATIONALLY EXTRACTED MARTIAN DRAINAGE BASINS. T.F. Stepinski,
Lunar and Planetary Institute, Houston TX 77058-1113, USA, (tom@lpi.usra.edu), M.L. Collier, Department of Earth Science,
Rice University, Houston, TX 77005, USA, ((spaceman@rice.edu).

Abstract. Drainage densities are calculated for five Mar-
tian drainage basins computationally extracted from the dis-
sected Noachian surfaces. Mars Orbiter Laser Altimeter data is
used to construct digital elevation models (DEMs) representing
topography of selected Martian locations. Our computational
method uses these DEMs to extract and reconstruct individual
basins. Channel networks are delineated from their underlying
basins using a channelization threshold based on the constant
drop property for streams. Calculated drainage densities refer
to individual basins and their values are in a relatively narrow
range of 0.06 − 0.11 km−1, one to three orders of magnitude
smaller than values of drainage density for terrestrial basins.
We claim that the values of drainage density calculated using
our method are more robust than values obtained using im-
agery data. We also calculate uniformity of drainage density
and obtain values of ρ in the range of 2.55−3.28, comparable
to low-end terrestrial values. Finally, we calculate the slope-
area relations for these basin and find the value of concavity
exponent to be in the range of 0.1 − 0.22, lower than typi-
cal terrestrial values. These findings are inconsistent with the
notion of the origin of Martian valley networks by means of
surface runoff due to sustained and widespread precipitation.

Introduction. The interest in origin of Martian valley
network systems remains high ever since these features were
discovered on images taken by Mariner and Viking probes. A
visual resemblance of some of Martian networks to terrestrial
river networks gave rise to an early suggestion that Martian
valley networks were sculpted by surface runoff erosion, a
process requiring a warmer, wetter climate on Mars at the time
of valley networks formations (only Noachian valley networks
are considered here). However, closer examination of imagery
data revealed dominance of morphometric features associated
with erosion by groundwater sapping rather than surface runoff
(see Carr, 1996 for review). The issue of the origin of Martian
valley networks remains unresolved. One property of dissected
terrain that can help to resolve this issue is its drainage density,
D, with low values of D being indicative of sapping, whereas
higher values of D suggesting precipitation and runoff.

The bulk of existing work on origin of Martian valley
networks relies on the method of descriptive geomorphology
working from imagery data. Low values of D, in the range of
10−3 to 10−2 km−1, have been reported using such methodol-
ogy (Carr and Chuang, 1997). However, both, the data format
and the method have a number of shortcomings that put the
above estimate in question. An image is a skew representation
of a landscape it portraits, and descriptive technique can be
easily influenced by biases and interpretations. The availabil-
ity of the Mars Orbiter Laser Altimeter (MOLA) data makes
possible a different approach. This new method uses topo-
graphical data and relies on computer algorithms to analyze
dissected terrain on Mars. Digital Elevation Models (DEMs)
constructed from the MOLA data are much more fundamental

geomorphologic indicators than images and are suitable for a
quantitative analysis. A DEM is a regular rectangular grid of
sites for which elevations are assigned. The introduction of
DEMs revolutionized terrestrial geomorphology. In particular,
a formal and quantitative watershed analysis became possible,
including objective calculation of drainage density. The same
type of analysis is applicable to Martian terrain.

Martian terrain can be represented as a series of drainage
basins, regardless of the historical presence or absence of actual
fluid flow. Thus, a drainage basin can be thought about as a
surface that collects and drains water presently rained upon it.
In the remainder of this paper we briefly describe the process
of computational extraction and analysis of Martian drainage
basins. We also present and discuss results of such calculations
as applied to selected Martian locations belonging to the Npld
geological unit. The emphasis here is on calculating values of
D for specific drainage basins, in contrast to previous estimates
of D that pertained to an arbitrary area and were obtained by
simply assessing the total valley length in a given area and
dividing it by the area.

Methods. The computational analysis consists of two
steps, extracting and reconstructing a drainage basin from a
DEM and then analyzing it, including computing the value of
D. A drainage basin is extracted from a DEM using an algo-
rithm developed for studies of terrestrial river basins (Tarboton
et al., 1989). An algorithm takes a DEM as input and produces
a number of consecutive grids of the same dimension as the
original DEM as output.

In the first step (referred to as “flooding") the algorithm
modifies the original elevation field in order to make it drain-
able. This step is very important in the context of Martian
terrain. Not flooding a typical Npld terrain produces unreal-
istically small basins, because, due to the presence of craters,
unadjusted Npld topography breaks into a large number of
very small drainage basins, majority of them internal. Com-
plete flooding of a typical Npld terrain produces large basins,
but incurred properties of such basins are skewed by the fact
that basins embody large, artificial lakes (flooded craters). A
reconstruction is a process to flood these craters that prevents
continuity of a basin, but to exclude large craters from being
incorporated into a basin. It is an attempt to reproduce a pri-
mary drainage basin before it was contaminated by posterior
cratering.

In the second step, each site is assigned a drainage pointer
to a neighboring site in the direction of the steepest slope
(this step is frequently referred to as the D8 algorithm). In
the third step, the total contributing area, A, is calculated for
each site. This quantity is the total number of sites draining
through a given site, an area (in pixel units) of a drainage basin
culminating at a given site. The contributing area at the outlet,
Aout is the total area of the basin.

A drainage network is this part of a drainage basin where
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Figure 1: Visual rendering of DEMs constructed for selected Martian locations. Vertical dimension is exaggerated. The thickness
of blue lines representing streams in computationally extracted networks is proportional to the Horton-Strahler order of the stream.
Basins and networks properties are given in Table 1. North is to the top of the page, except in E, where it is to the left of the page.
Terrain A is Naktong Vallis, B is Locras Valles (West), C is Parana Valles, D is Locras Valles (East), and E is Tyrrhena Terra.

Table 1: Properties of Selected Martian Drainage Basins

Name outlet Number % of Mean Number Ω Ath t D 〈D〉 σ(D) ρ
coord. of pixels adjust- of km−1 km−1 km−1

(E,N) pixels adjusted ment links
(m)

Tyrrhena 91.24, -24.29 52285 9.0 38 141 4 200 -3.0 0.11 0.1 0.04 2.55
Terra
Naktong 31.57, 9.24 284015 24.2 52 205 5 750 -2.5 0.06 0.05 0.02 2.79
Vallis
Parana -11.82, -21.84 118305 14.0 37 71 4 1000 -3.0 0.06 0.05 0.02 2.58
Valles
Locras 47.67, 9.79 108928 14.0 32 129 4 400 -3.05 0.08 0.07 0.02 2.91
Valles E.
Locras 46.58, 10.9 88562 18.7 32 107 4 400 -2.38 0.08 0.07 0.02 3.28
Valles W.
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the flow is concentrated, or channelized. Martian valley net-
works are identified with drainage networks. A drainage den-
sity of a given basin is the total length of channels in the
network divided by the basin’s total area, D =

∑
l/Aout.

Although, the value of Aout is unambiguously determined
by the algorithm (a big advantage of our approach over the
previous method), the value of

∑
l requires channelization

criterion, Ath. A given site is a part of a channel if A ≥ Ath.
Thus, a value of a threshold sets the drainage density of the
basin. To calculate Ath objectively, we are using the constant
drop property for streams (Tarboton et al., 1991). Ath that
produces a channel network where the mean stream drop in
first order streams is not statistically different from the mean
drop in higher order streams, is selected as the channelization
threshold. Student t test is used to evaluate the statistical sig-
nificance of a difference in mean stream drops. The constant
drop property is an empirical geomorphic attribute of drainage
networks sculpted by surface runoff. A difficulty to derive a
threshold by such a method is in itself an argument against
surface runoff.

A drainage basin can be defined at any point on a land-
scape. In particular, every node in a drainage network is an
outlet for a smaller sub-basin. Thus, embedded within the
main basin is a multitude of sub-basins. The value of D is
calculated at each node of the network, the basin’s drainage
density is the value calculated at the outlet, other values are
used to establish how uniform is drainage density throughout
the basin. To measure uniformity we define ρ, the ratio of the
mean, 〈D〉, to the standard deviation, σ(D), of variable D;
large values of ρ indicate high uniformity of D.

Data. We have selected five Martian locations from the
Npld geological unit to extract and analyze drainage basins.
The names and coordinates of these locations are given in
Table 1. The input data for our analysis is a DEM constructed
from the MOLA global topographic model grid (Smith et al.,
2001), which currently has resolution of 1/128 degree in both
latitude and longitude. The Locras Valles location has been
divided into two sections designated as East (E) and West (W).
Figure 1. shows visual renderings of DEMs constructed for
selected locations together with extracted drainage networks.

Results. Table 1. summarizes our results. Column 2 gives
approximate coordinates of an outlet, column 3 gives the total
area of a drainage basin in units of pixels. Each pixel is 1/128
by 1/128 degree, or roughly 0.25 km2. Because we study in-
dividual basins, their areas are relatively small. The smallest
basin in our study has an area approximately that of Connecti-
cut, and the largest basin has an area larger than that of West
Virginia. Column 4 gives the percentage of pixels that were
adjusted by flooding algorithm. In terrestrial context flooding
fills the pits that are generally considered to be artifacts, thus a
typical terrestrial DEM requires adjustment to < 5% of pixels.
However, due to existence of craters, > 50% of pixels would
have to be adjusted in order to make a Martian DEM com-
pletely drainable. Our reconstructed basins have 10 − 20%
pixels adjusted. Column 5 gives an average adjustment to be
compared to a typical terrestrial average adjustment of ∼ 10
m. As expected the Martian mean adjustment is higher than

terrestrial because even a reconstructed basin still contains a
significant number of small craters that needs to be filled.

Column 8 gives the values of channelization threshold.
Our targeted value of t was t = −3 (instead of more often
used t = −2), column 9 shows an actual value of t. Despite
the more lenient requirement, the values of Ath are high;
it is difficult to fulfill a constant drop condition for Martian
networks. Columns 6 and 7 pertain to the resultant drainage
network, giving number of links (link is a network segment
between two nodes) and Horton-Strahler order, respectively.
Horton-Strahler order describes the branching hierarchy of
a network (see, for example Dodds and Rothman, 2000 for
details). Finally, columns 10 to 13 pertain to drainage density,
giving basin drainage density, average drainage density over all
the sub-basins, standard deviation, and uniformity of drainage
density, respectively.

Overall, we have found rather similar values of D for
all basins in our study. Moreover, other attributes related to
drainage density (see columns 11 to 13) are also similar for
basins in our study. This suggests common origin for all these
drainage basins. Our derived values of D suggest D ∼ 10−1

km−1 as a typical value of drainage density in basins extracted
from the Npld surfaces. This is one to two orders of magnitude
higher than values derived from studying images. Note, how-
ever, that image-derived values refer to areas not basins and are
expected to be lower because Martian terrain contains exten-
sive nondissected sections. A characteristic value of drainage
uniformity is ρ ∼ 2.8, compatible with low end of terrestrial
ρ values (see Stepinski et al. 2002).

Some of the Martian locations considered here have been
previously studied. Craddock et al. (2003) used topog-
raphy to computationally extract drainage network from a
Tyrrhena Terra location. They have calculated drainage den-
sity D = 0.193 km−1 versus 0.01 km−1 estimated for the
same region on the basis of Viking images. Our value is
D = 0.11 km−1 for the same location. The factor of ∼ 2
difference in calculated values of D can be attributed to differ-
ences in methodology. The most important difference is the
lack of objective channelization threshold in Craddock et al.
calculations. The second difference is that they calculate D for
an area not a basin. However, other factors being equal, values
of D for Martian areas should be smaller than those calculated
for basins, so high value of D obtained by Craddock et al. can
probably be attributed to channel overextraction.

Hynek and Phillips (2003) used Mars Orbiter Camera im-
age mosaic together with MOLA data to study valley networks
in the Naktong Vallis location. Their method does not use a
computer algorithm to extract a network from topography,
rather the network is inferred manually on the basis of images
with additional support from topography. They calculated
drainage density of D = 0.065 km−1, an order of magnitude
increase over the earlier estimation. Our value is D = 0.06
km−1 for the same location. Again, the two values were ob-
tained by different methods. Our method is computational,
oriented on a single basin, and incorporates objective channel-
ization threshold, whereas Hynek and Phillips method is more
traditional and oriented toward an area rather than a basin. In
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this case both methods arrived to approximately the same value
for D.

The Parana Valles locations has been studied by Grant
(2000) who calculated drainage density of D = 0.07 km−1

using descriptive method and working from imagery data. Our
value is D = 0.06 km−1 for the same location, a good agree-
ment considering very different methodologies.

Conclusions. In this paper we have described and applied
a new method to study Martian drainage basins in general, and
to calculate their drainage densities in particular. The new
method uses full topographical description of Martian terrain
instead of imagery data and utilizes algorithmic extraction of
drainage basins and drainage networks, instead of manually
mapping networks using overlays. This approach has a num-
ber of significant advantages. First, a single drainage basin
can be easily extracted and its area can be measured precisely,
something not possible in the method based on imagery data
(see Baker and Partridge, 1986). Second, an algorithm, not
influenced by observational biases and interpretations, delin-
eates drainage network from the underlying basin. Third,
the method examines all basins using exactly the same pro-
cedure, the results can be compared with confidence. These
advantages result in much more robust estimation of Martian
drainage densities. A drainage density calculated using our
method refers to a specific drainage basin, a standard used in
terrestrial hydrology. Thus, a direct comparison to terrestrial
basins is possible. In contrast, previous estimates of Martian
drainage densities refer to arbitrary areas, and are not readily
comparable to standard terrestrial values. This problem was
recognized by Carr and Chuang (1997) who derived terrestrial
drainage densities defined for an arbitrary area especially for
the purpose of comparison with Martian values of D.

Establishing a correct value of channelization threshold
is the most important factor in computational calculation of
drainage density (terrestrial or Martian). The algorithm de-
lineates channels using a free parameter, Ath, which can be
related to the minimum flow rate that causes channelization.
The value of Ath has to be supplied to the algorithm from
independent considerations. Taking too small value of Ath

produces a dense network with high “drainage density." How-
ever, such value of D would be spurious because many surface
flows in a direction of steepest descent would be mistakenly
counted as channels. In other words, it is important to dis-
tinguish between a network of flow directions and a channel
network.

Using channelization threshold based on the constant drop
property for streams we have found 0.06 ≤ D ≤ 0.1 km−1

for basins extracted from Npld surfaces. Superficially, these
values are comparable to low-end terrestrial values obtained
by Carr and Chuang (1997). However, as noted above, our
estimates of D cannot be compared to Carr and Chuang esti-
mates due to differences in definitions, instead our values of D
need to be compared to drainage densities of terrestrial basins
which are in the 1 − 102 km−1 range (Abrahamas, 1984).

Thus, drainage densities of Martian Npld basins are one to
three orders of magnitude smaller than drainage densities of
terrestrial basins. The simplest interpretation of this result is a
very limited role of precipitation and resultant surface runoff in
sculpting Npld basins. This conclusion is further supported by
the so-called slope-area relation. In terrestrial drainage basin a
mean of the local slope |∇z| scales as a function of cumulative
area A, 〈|∇z|〉 ∼ A−θ , with parameter θ having range of 0.3
to 0.7 (Whipple et al., 1999). We have calculated the slope-
area relations for the five basins listed in Table 1. and have
obtained values of θ in the range of 0.1 to 0.22. This indicates
a very weak dependence of slope with contributing area and
points to an environment in which the rate of flow does not
increase downstream as expected in the presence of sustained
and widespread rainfall. Our finding of small values of θ is
consistent with results of Aharonson et al. (2002) who have
investigated drainage basins in Ma’adim Vallis and Al-Qahira
Vallis and have found equally low values of θ.

More Martian drainage basins needs to be analyzed com-
putationally to establish firmly a typical value of drainage
density. Additional information about an origin of a basin can
be obtained by studying longitudinal profiles of main streams,
fractal properties of drainage networks, and statistics of heights
and slopes.
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Introduction:  Two drastically different views ex-
ist regarding the early Martian atmosphere.  One view 
is that the present conditions have prevailed from the 
earliest of times, in which water can only exist within 
the ground as permafrost or groundwater and in the ice 
caps.  However, more recently workers have suggested 
an early, wet Mars (e.g., [1]), followed by a 
transitional period of ice-covered lakes and streams, as Mars 
lost its atmosphere. If the atmosphere was indeed 
warmer, thicker and wetter, standing water may have 
been stable at the surface for long periods on early 
Mars.  The stability of standing water at the surface is 
directly relevant as to whether life may have existed on 
early Mars. 

Many geomorphic features on Mars provide com-
pelling evidence for an early period of hydrologic ac-
tivity, requiring abundant liquid water at the surface 
(e.g., [2]). Several studies have argued that geomor-
phic evidence supports the existence of paleolake ba-
sins on Mars [3, 4, 5 and others]. Geomorphic evi-
dence of paleolake basins includes inflow and outflow 
channels, internal terraces, layering and apparent 
shorelines as well as delta deposits.  The sedimentary 
layers described by [5] are also proximal to paleolake 
basins.  

Cabrol and Grin [4] compiled a list of 179 possible 
paleolake basins in impact craters.  The three types of 
basins identified include closed, open and lake-chain 
systems.  In a more recent study, they attempted to 
assign an absolute age to basins [6].

Some of the basins display alternating bands of 
light and dark albedo materials conformal with the 
basin margin or bright materials exposed in the central 
portion of the basins [4].  These authors suggested that 
the bright material might be an evaporite deposit; 
however, this idea is controversial [7]. On earth, 
evaporite deposits in lacustrine environments display a 
characteristic pattern, resulting from their order of 
deposition.  Carbonates are the least soluble of the 
salts in solution and are deposited in marginal basin 
areas.  Sulfates have an intermediate solubility and 
precipitate at more basinward locations. Halides 
should precipitate last near the central portions of the 
basin.  In plan view, this deposit sequence would ap-
pear as a “bulls-eye pattern” or “bath tub rings” (e.g., 
[8]).  

Methods:  Thermal Emission Spectrometer 
(TES) spectra for each target are assembled into a hy-

perspectral cube. Because we expect spectral features 
of evaporite minerals to be subtle, we preserve indi-
vidual unprocessed emissivity spectra as far into the 
processing chain as possible.  

A principle component analysis (PCA) algo-
rithm is run on the hyperspectral cubes. The resultant 
PCA images have some contiguous areas where simi-
lar PCA values span several orbits, which we interpret 
to represent real spectral units at the surface. In other 
instances, PCA values are confined to specific orbit 
tracks, which we interpret to represent inter-orbital 
atmospheric variations. We reject these orbits because 
we want to minimize atmospheric contributions to total 
spectral variance in the scene. These orbits are identi-
fied and the hyperspectral cubes are re-assembled from 
the original set of spectra omitting these orbital tracks. 
This process is repeated until most of the color varia-
tions in the PCA images appear to be associated with 
spectral units on the ground. The final PCA images are 
used to define regions of interest (ROIs) that corre-
spond to spectral units in the scenes.  

The ROIs were independently defined in two 
ways: manually and using 2-D scatter plots.  Manual 
ROIs were defined by displaying the first three (most 
significant) principal component bands as a RGB 
composite image.  Areas of contiguous PCA values 
(i.e., areas of contiguous color on the RGB composite 
image) were outlined as individual regions of interest 
(Figures 1 and 2).  In the 2-D scatter plot method, high 
variance (low band number) PCA bands were plotted 
and ROIs defined from ‘extreme’ pixels in each plot.  
These pixels corresponded well with the colors 
mapped in the PCA composite images. Averaged spec-
tra from each ROI are extracted and examined to see 
what spectral features distinguish these units from each 
other.  

The averaged ROI spectra were first evaluated for 
the presence of dust/fine particulate materials based on 
their dust cover index (DCI) [9]. Next, a linear least 
squares deconvolution was applied using seven previ-
ously-reported and one new TES spectral endmem-
bers: Acidalia and Syrtis Surface Types, hematite, two 
atmospheric dust endmembers and two water ice cloud 
endmembers [10], and a new surface dust endmember 
[11].  If an averaged spectrum had a DCI value below 
the threshold (0.96) for “dust free” and the deconvolu-
tion routine used the surface dust endmember, the 
spectrum was considered to represent a dusty surface. 
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Because the spectral library we used [12] contains only 
course particulate samples, and because linear unmix-
ing may not apply to fine particulate mixtures, no fur-
ther analysis was performed on TES spectra not meet-
ing the “dust-free” criterion. In addition, if the spec-
trum was well-modeled by linear unmixing using the 
eight previously-reported TES surface and atmos-
pheric endmembers and no anomalies were detected by 
visual inspection, then further analyses were also con-
sidered unnecessary.  Atmospheric correction was per-
formed on the remaining ROI spectra using the method 
described by [13]. 

In the event that the spectrum was not well-
modeled by linear unmixing using the eight previ-
ously-reported endmembers, the atmospherically-
corrected ROI spectrum would be deconvolved twice 
(independently) using library spectra of individual 
minerals: once using the suite of igneous minerals 
thought to be present in previously-reported TES sur-
face spectra and once using these spectra plus library 
spectra of evaporite and hydrothermal minerals.  If the 
spectral signatures of these aqueous minerals are not 
present in the ROI spectra, the results of the igneous-
only and igneous-plus-aqueous deconvolution runs 
should be approximately the same.  

Results:  Of the 35 basins we have studied so far, 4 
have shown evidence of distinct surface spectral units, 
described here.  

Gale Crater (5.5S, 222.2W): Figure 1 displays the 
final PCA color composite image (from which ROIs 
were defined) overlain on a MOLA-derived shaded 
relief image, with the manually-defined ROIs outlined 
in black.  The central mound in Gale Crater, shown by 
the red region in Figure 1, had a DCI value of 0.93, 
below the threshold for a dust-free surface. In addition, 
the results of the deconvolution used the surface dust 
endmember (Table 1). This spectrum represents a typi-
cal dusty surface and was not processed further.

The southern portion of the basin floor, shown by 
blues in Figure 1, had a DCI value of 0.97, above the 
threshold for a dust-free surface.  In addition, the de-
convolution using the standard TES spectral endmem-
bers did not choose the surface dust endmember (Table 
1). Therefore, this spectrum represents a relatively 
dust-free surface. This spectrum was well modeled 
using only previously-reported TES atmospheric and 
surface endmembers (Syrtis Type Surface).  

The northern portion of the basin floor, shown by 
greens in Figure 1, had a DCI value of 0.95, just below 
the threshold for a dust-free surface.  The deconvolu-
tion also used the surface dust endmember (Table 1).  
This surface is likely a mixture of surface dust and the 
Syrtis Surface Type (SST). 

Aram Chaos (2.8N, 21.2W): Aram Chaos has pre-
viously been noted to contain hematite (e.g., [14]). 
Figure 2 displays the final PCA color composite image 
(by which ROIs were defined) overlain on a MOLA-
derived shaded-relief image, with the manually-
defined ROIs outlined in black. The central unit in the 
basin, shown in aqua in Figure 2, has a DCI value of 
0.97, above the threshold for a dust-free surface (Table 
2).  This spectrum was well modeled using just TES 
atmospheric and surface endmembers (Syrtis Type and 
Hematite).   

The floor units, which map as blue and purples in 
Figure 2, also have DCI values of 0.97, above the 
threshold for a dust-free surface.  All three units spec-
tra were well modeled using TES atmospheric and 
surface endmembers (Syrtis Type surface), as can be 
noted in Table 2.  The variation between the blue re-
gions (SW and NE floor units) and the purple region 
(SE floor unit) is mainly due to variable contributions 
of the atmospheric endmembers (Table 2). 

Ganges Chasm (9.5S, 51W): Figure 3 displays the 
final PCA band color composite image overlain on 
MOLA-derived shaded relief. The red, green and blue 
ROIs were defined by the 2-D scatter plot method and 
are shown in Figure4.  All three regions had a dust 
index of 0.96 or above, indicating a dust-free region.  
The results of linear unmixing are given in Table 3.  

This region had a DCI of 0.96 (the lowest in the 
scene) and the deconvolution used mostly atmospheric 
dust to model the blue region in the upper portion of 
the image corresponding to the Chasma as well as in 
the small crater in the interior of the larger crater. This 
is probably due to large topographic differences be-
tween these regions and the surrounding plains result-
ing in increased atmospheric contribution.   

The western portion of the larger crater stood out 
in the 2-D scatter plots.  This region has been noted 
previously by Hamilton et al. [15] as containing the 
mineral olivine.  This region therefore had a poor fit to 
the deconvolution method using only the atmospheric 
and surface endmembers (Table 3).  The average spec-
trum for this ROI does indeed have a spectral shape 
similar to that of forsterite, especially at ~400 
wavenumbers (Figure 5).  

Craters in Terra Sabaea (9.5S, 328W): Figure 6 
displays the final PCA image overlain on MOLA-
derived topography. The regions of interest defined by 
2-D scatter plots included two putative crater paleo-
lakes and the surrounding plains. All ROIs defined for 
this region had a DCI of 0.97 and were ‘dust free’.  
The linear unmixing results are given in Table 4.  

The deconvolution modeled mostly atmospheric 
dust for the southern portion of the interior of the cra-
ters.  This includes the small crater in the upper right 
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corner of the image.  The algorithm modeled the aver-
age spectrum from this region well using only the at-
mospheric and surface endmembers. The green regions
in the northern portion of the craters were modeled
using less atmospheric dust and more of the Syrtis
Surface Type (SST).  The blue ROI modeled an inter-
mediate mount of atmospheric dust and SST. The lin-
ear unmixing modeled both of these average spectra
well and no further processing was required.

The three ROIs, red, blue and green, increase in 
Syrtis Surface Type and decrease in atmospheric dust. 
The southern portions of the crater floors are the dusti-
est and the northern portions are the least dusty with
the surrounding plains having an intermediate compo-
sition.

Conclusions:  An intensive, detailed examination
of 45 putative paleolake basins using TES emissivity
data at 3x6 km/pixel resolution has not turned up any
evidence for evaporate deposits. Twenty additional
basins may be of sufficient size for this method and 
remain to be studied.

Figure 1: Final PCA image for Gale Crater from
which ROIs were defined.
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Figure 2: Final PCA image for Aram Chaos from
which ROIs were defined. The hematite unit is clearly
visible in aqua tones.

Table 2: Model
derived modes for
Aram Chaos

Cen-
tral
unit

(aqua)

SW
floor
unit
(blue)

SE
floor
unit

(purple)

NE
floor
unit
(blue)

Dust Cover Index 0.97 0.97 0.97 0.97
Syrtis type surface 22.9 23.6 20.2 29.2
Hematite 14.2 - - -
Dust Low CO2 57.1 65.5 70.7 62.2
Water Ice Cloud1 0.5 3.9 7.6 2.6
Water Ice Cloud2 4.1 5.6 - 4.3
Total 98.9 98.5 98.5 98.3

Table 1: Model de-
rived modes for Gale

Central
Uplift

(red)

S crater 
Floor
(blue)

N crater 
Floor
(green)

Dust Cover Index 0.93 0.97 0.95
Acidalia type surface   8.0 - -
Syrtis type surface - 35.2 1.3
Surface dust 34.6 - 22.9
Dust Low CO2 33.2 60.0 65.1
Dust High CO2 16.0 - 2.9
Water Ice Cloud2   9.2 3.7 7.8
Total 101.0 98.9 99.9
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Figure 5: TES surface spectrum for Ganges Chasma
crater interior overlain with laboratory spectrum for 
Forsterite.

Figure 3: Final PCA image for Ganges Chasma over-
lain on MOLA topography.
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Figure 6: Final PCA image for craters in Terra Sabaea 
overlain on MOLA topography.

Figure 4: ROIs for Ganges Chasma determined from
2-D scatter plots.

Table 3: Model de-
rived modes for 
Ganges Chasma

Crater
Floor
(red)

Chasma
(blue)

Plains
(green)

Dust cover Index 0.97 0.96 0.97
Syrtis type surface 53.7 26.3 44.0
Dust Low CO2 51.9 73.8 53.8
Dust High CO2 -14.5 -8.5 -5.1
Water Ice Cloud1 4.5 2.1 6.5
Water Ice Cloud2   3.4 4.9 0.1
Total 99.1 98.7 99.2

Table 4: Model de-
rived modes for cra-
ters in Terra Sabaea

Crater
Floors

(red)

S basin
Floor
(blue)

N basin
Floor
(green)

Dust cover Index 0.97 0.97 0.97
Acidalia type surface   18.0 12.4 19.6
Syrtis type surface 18.0 34.7 39.9
Dust Low CO2 43.6 42.3 34.3
Dust High CO2 8.6 8.3 1.7
Water Ice Cloud1 8.7 1.6 3.7
Water Ice Cloud2   3.2 0.2 0.3

Sixth International Conference on Mars (2003) 3183.pdf
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Introduction and Background: Searching for
evidence of life on Mars will probably require access
to the subsurface.  The Martian surface is bathed in
ultraviolet radiation which decomposes organic com-
pounds [1], destroying possible evidence for life. Also,
experiments performed by the Viking Landers imply
the presence of several strongly oxidizing compounds
at the Martian surface that may also play a role in de-
stroying organic compounds near the surface[2]. While
liquid water is unstable on the Martian surface, and ice
is unstable at the surface at low latitudes, recent results
from the Mars Odyssey Gamma Ray Spectrometer
experiment [3] indicate that water ice is widely distrib-
uted near the surface under a thin cover of dry soil.
Organic compounds created by an ancient Martian
biosphere might be preserved in such ice-rich layers.
Furthermore, accessing the subsurface provides a way
to identify unique stratigraphy such as small-scale lay-
ering associated with lacustrine sediments.  Subsurface
access might also provide new insights into the Mars
climate record that may be preserved in the Polar Lay-
ered Deposits and other sediments.  Recognizing the
importance of accessing the subsurface of Mars to the
future scientific exploration of the planet, the Mars
Surveyor 2007 Science Definition Team called for
drilling beneath the surface soils[4].  Subsurface meas-
urements are also cited as high priority in by MEPAG
[5].

Figure 1.  PLUTO mole demonstrated on Mt. Etna in
Sept. 2002.  The inset lower right shows the sampling
device.

The European Space Agency has incorporated a
small automated burrowing device called a subsurface
penetrometer or “Mole” onto the Beagle 2 lander
planned for 2003 launch [6]. This device, called the
Planetary Underground Tool (PLUTO), is a pointed
slender cylinder 2 cm wide and 28 cm long equipped
with a small sampling device at the pointed end that
collects samples and brings them to the surface for
analysis.  Figure 1 shows the PLUTO mole.  Drawing
on the PLUTO design, we are developing a larger
Mole carrying sensors for identifying mineralogy, or-
ganic compounds, and water.

The Mars Underground Mole: The Mars Under-
ground Mole was recently selected for development by
the Mars Instrument Development Program (MIDP).
The Mole advances into soil by way of an internal
sliding hammer system driven by a small electric mo-
tor.  Part of the energy released by the spring-loaded
hammer with each shock is transferred to the Mole
casing and from there to the soil, resulting in penetra-
tion by displacing and compressing the surrounding
soil.  A backwards-directed impulse as a reaction to
each forward shock is transferred via a suppressor
mass against a second weaker spring allowing forward
motion without requiring reactive forces provided by
the lander.  The Mole tip can be opened to collect soil
samples.  The Mole casing is tethered to a supporting
mechanism that supplies power.  Components sup-
porting the Mole on the surface include a launch tube,
tether reel and winch for pulling in tether, in addition
to the tether itself.

In addition to its use as a mechanism for collect-
ing subsurface samples, a Mole is a useful device for
carrying an instrument payload underground to make
in situ measurements.  However, due to the size limi-
tations on an on-Mole instrument compartment, and
the availability of a tether, it makes sense to put in-
strument electronics on the surface.  With funding
from MIDP, we are developing an instrument package
to be integrated with a Mole.  The centerpiece of this
package is the Dual Spectral Sensor (DSS), a Short
Wave Infrared (SWIR) Spectrometer with sensitivity
from 0.7 to 2.5 micrometers combined with a Raman
Spectrometer.  The DSS is capable of sensing a wide
range of minerals relevant to Mars Surveyor Program
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objectives of tracing the history of water on Mars in-
cluding hydrated minerals, clays, carbonates, sulfates,
and ice.  Additionally, Raman spectroscopy is effective
for detecting organics. The DSS design is based on the
Digital Array Scanning Interferometer technology [7],
a type of Fourrier transform interferometer which uses
fixed element prisms and thus is highly rugged com-
pared to a Michaelson interferometer. The instrument
mass (with reserves) is 1 kg. Table 1 shows the per-
formance characteristics of the DSS.  In order to
minimize the diameter of the Mole, the design calls for
the detector and instrument electronics to remain on
the surface.  Light is transmitted to them from an opti-
cal port located in the Mole via fiber optics incorpo-
rated into the tether.  While not part of our MIDP
funded development, other instruments for analysis of
soil samples without retrieving them to the surface can
plausibly be incorporated into a Mole. For example, a
small microscopic camera could be housed in the Mole
body, viewing soil through an optical port, thus al-
lowing particle size and shape to also be measured.

Table 1. DSS Instrument Specifications
Spectral Resolution 10 nm at 1000

nm
Resolving Power δλ/λ =200
Detection limits:
   Water/ice/hydrated minerals < 1 %
   Clays 3-5 %
    Iron Oxides <1 %
   Carbonates 1 %
   Organics
       • Amines and Amino Acids 3-5 %
       • C-H carbon compounds 1-3 %

The MUM is designed to achieve a maximum
depth of penetration of 5 m in Mars regolith.  It can be
repeatedly deployed and retrieved, with the number of
penetrations limited chiefly by wear on the hammering
mechanism.  For an average Mars soil model, we ex-
pect that MUM can sample to 1 m depth in at least ten
locations.  The ability to perform repeated sampling,
combined with the low mass and power requirements,
means that the Mole could be incorporated into a rover
mission as well as used on a stationary platform as in
the case of the Beagle 2.  The MUM is retrieved  to the
surface via a tether retrieval mechanism (pulling the
Mole up) while also reversing the direction of ham-
mering.  The MUM can also be deployed horizontally
to obtain samples from beneath a rock.  Figure 2 shows
the two possible configurations for deploying the
MUM.  Table 1 shows the characteristics of the MUM
as compared to those of the Beagle 2 PLUTO system.

Figure 2. The MUM Mole, launch tube, and tether reel
are schematically illustrated.  The Mole can extract
samples from a vertical hole (left) or from under a
rock when launched horizontally on the surface (right).

Table 2.
MOLE PERFORMANCE

Parameter MUM PLUTO
Mass (Tether, Tether Reel, Launch Tube) (gm) 2500 510

Mass (mole) (gm) 1000 350
Length (cm) 50 28
Diameter (cm) 4 (TBC) 2

Peak Power (W) 10 3
Theoretical Penetration Depth Limit* (m) 5 5
Baseline Penetration Depth (m) 5 2.6

Performance Floor Penetration Depth (m) 2 1.5
Seconds per Cycle 5 5
Duration to Performance Floor Depth (hrs) 1.3 2

Retraction Mechanism (RM)
Surface winch, 

reverse hammering
Surface winch, 

reverse hammering
RM Force Capability (N) 300 (TBC) 80
Target Sample Size (cm3) 5 0.2

Number of Holes (1 m deep) 10 3-5

Fault Recovery System
Pyro guillotine, 
inclinometer, 

reverse hammering
reverse hammering

Sensors

DSS, inclinometer, 
temperature,

paid out length of 
tether (in RM)

Temperature, 
paid out length of 

tether (in RM)

* Mars Environment

In a Mars mission, MUM could address numerous high
priority science objectives. For example, it could be
used to determine the mineralogy, stratigraphy, and
search for evidence of subsurface organic material in a
Martian paleolake bed, Polar Layered Deposit, or other
regions of interest; conduct in situ analysis of minerals
below the UV-irradiated surface layer; help character-
ize the state and distribution of water in the regolith,
determine the presence of ice lenses, and characterize
correlations between mineralogy and H2O abundance;
characterize layering in dune deposits; or investigate
the nature of indurated deposits.  An important advan-
tage of a Mole over more conventional drilling is that
it produces a minimal thermal disturbance and thus
could allow measurements of undisturbed volatile
abundance.

We plan to test the MUM package in a variety of
environments.  Some tests will be performed in a spe-
cially-constructed chamber filled with materials of
plausible Martian composition and stratigraphy.  Other
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tests will be performed in realistic Mars analog envi-
ronments such as dry lake beds and permafrost regions.
The purpose of our testing will be to bring the Mole
and instrument package to TRL 6 by 2005 to be ready
for flight on the 2009 MSL mission.
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Introduction: In order to understand the evolu-

tionary history of Mars, the mineralogy and distribu-
tion of elements on the surface must be characterized 
and quantified. Areas of olivine were identified using 
the MGS Thermal Emission Spectrometer (TES) by 
[1-4] in Nili Fossae, craters near Ganges Chasma, and 
near the rims of Argyre and Hellas basins. Hamiliton 
and coworkers [4-5] identified olivine compositions 
similar to the martian meteorites Chassigny and ALH 
A77005 (Fo68) in Aurorae Planum, Nili Fossae, and 
other locations from deconvolutions of TES spectra. 
More recently, Hamilton and Christensen [6] have 
combined TES spectra with images and thermal inertia 
measurements from the Mars Odyssey Thermal Emis-
sion Imaging System (THEMIS) to characterize these 
olivine deposits. Impact craters in Aurorae Planum 
olivine-bearing materials may indicate thicknesses 
~20-40 m, and their thermal inertia is consistent with 
bedrock. 

Based on the presence of numerous apparently flu-
vial features on the Martian surface, there is much 
speculation that liquid water or vapor may have per-
sisted for weeks to millions of years on and beneath 
the surface of Mars [7]. If so, then much of Mars may 
have experienced water-rock-gas interactions leading 
to weathering of surface and near-surface materials. 
Among those materials most readily dissolved is oli-
vine, whose preservation suggests limited interaction 
with water. To constrain the residence time of olivine 
in contact with water, we calculate dissolution rates for 
olivine at various temperatures, pH, Fe-composition, 
and particle size. We then determine the minimum 
time needed to dissolve olivine in each dissolution 
reaction.  From this, we can place limits on the longev-
ity and extent of olivine alteration on Mars. 

Maximum Rate of Dissolution: Terrestrial olivine 
alteration has been investigated by [8-11], among oth-
ers. Olivine dissolves readily in water, releasing its 
components (Fe2+, Mg2+, and silica). These compo-
nents may precipitate in secondary minerals. The rate 
of dissolution depends on temperature, pH, olivine 
composition, and particle size. Experimental data [10-
11] yield rate equations for calculation of olivine dis-
solution using a standard approach to kinetic studies of 
mineral dissolution. Browning et al. [12-13] used a 
similar approach to constrain silicate glass alteration 
on Earth and Mars.  

The experiments of Wogelius and Walther [10-11] 
determined four rate equations (below) for olivine dis-

solution as a function of pH. For forsterite (Mg2SiO4) 
dissolution with pH in the range of 2-12, the rate equa-
tion at standard temperature (25°C) becomes: 

( ) 54.0121007.9sec/²/ +∗∗= −
HFo acmmolR  

  
31.01715 1033.21025.5 −−−

+∗∗+∗+
H

a
where aH+ = -log pH. For fayalite (Fe2SiO4) dissolu-
tion with pH 2-7, the rate equation at 25°C is: 

( ) 69.010101.1sec/²/ +∗∗= −
HFa acmmolR  

  141022.3 −∗+
For fayalite dissolution with pH 8-12, the rate at 25°C 
is defined by: 

( ) 69.010101.1sec/²/ +∗∗= −
HFa acmmolR  

3.01614 102.11022.3 −−−
+∗∗+∗+

H
a  

For intermediate compositions along the fayalite-
forsterite solid solution, the rate of dissolution at 25°C 
can be obtained from: 

FoFoFaFaOl RXRXcmmolR +=sec)/²/(  
where X is the mole fraction. For non-standard tem-
peratures (≠25°C), we can calculate the rate of dissolu-
tion by rearranging the Arrhenius relationship [11]: 

( )
R
TTE

RmolkcalR a

303.2
log)/(log

1
2

1
1

12

−− −
+==

where R is the gas constant (1.987216 cal/K/mol), T1 is 
the standard temperature (273.15K), and R1 is the rate 
of olivine dissolution at the standard temperature. Dif-
fering values for activation energy (Ea in kcal/mol) 
have been reported by [8, 11]. Wogelius and Walther 
[11] reported an activation energy of 19 ± 2.5 
kcal/mol, which is based on experiments with 0.15-
0.42mm diameter grains, and Grandstaff [8] calculated 
an activation energy of 9.1 ± 0.4 kcal/mol for Hawai-
ian olivine sand. By substituting activation energy into 
the Arrhenius relationship above, we can calculate 
dissolution rates (R2) for non-standard temperatures 
(T2). While we calculated rates for both reported acti-
vation energy values (discussed below), we report our 
primary olivine dissolution rates using 19 kcal/mol in 
Table 1. 

Minimum Dissolution Time: From the rates of 
dissolution, we calculate the minimum time needed to 
dissolve one spherical particle of olivine not in contact 
with any others. We made two additional simplifying 
assumptions that lead to uncertainties: 1.) We assume 
the surface area of the particle remains constant over  
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the course of the reaction. The actual times of dissolu-
tion will be a bit longer than calculated because as 
particle size decreases there is less mass to remove. 
Nonetheless, reported dissolution times still represent 
minimum values. 2.) We also ignored the effect of sur-
face coatings, which can slow a dissolution reaction. 
Oxidized iron can coat mineral grains during the  
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release of Fe-ions from the fayalitic olivine compo-
nent. The rate of oxidation depends on the atmospheric 
partial pressure of oxygen. However, we will pursue 
the calculation of iron oxidation and its effects on oli-
vine dissolution rates in subsequent analyses. 

Dissolution rates are converted to times by: 

molOl

Ol

wtSAR
M

t
∗∗

=(sec)  

where MOl is the mass of one particle of olivine calcu-
lated from the density and the volume of the particle 
(g), ROl is the rate of olivine dissolution in 
(mol/cm²/sec), SA is surface area (cm²), and wtmol is 
molecular weight of olivine (g/mol). 

Results. Our computations show a decrease in the 
time necessary for particle dissolution with decreasing 
particle size (Fig. 1), which relates to surface area by 
4π(½d)2, and with increasing temperature (Fig. 2). The 
difference in dissolution time of a particle at 5°C is 
~100 times longer than for a particle at 100°C for the 
same pH. We use 100°C as a bounding temperature, 
recognizing that the water boiling point could be lower 
on Mars. Even relatively large particles 10 mm in di-
ameter can dissolve in fewer than 10,000 years at low 
temperatures. And at high temperatures, such as those 
found in hydrothermal systems, a particle can dissolve 
in less than a year. A note of caution: these are mini-
mum times and the actual time for complete olivine 
alteration might be longer due to grain coatings or 
other processes. 

 Figure 3 shows the variation in dissolution time 
with composition. Fe-rich particles require less time to 
completely dissolve than Mg-rich olivines of the same 
particle size and at the same pH and temperature. Fe-
rich olivine deposits can, therefore, dissolve up to a 

 

Table 1 
    

log Rate of Dis-
solution 

 pH T°C (mol/cm²/sec) 
2 25 -11.34 
5 25 -13.15 
8 25 -13.20 
12 25 -12.29 
2 5 -12.34 
5 5 -14.15 
8 5 -14.20 
12 5 -13.29 
2 100 -8.54 
5 100 -10.35 
8 100 -10.40 

Fayalite 
(Fe2SiO4) 

12 100 -9.49 
2 25 -12.12 
5 25 -13.62 
8 25 -13.90 
12 25 -12.89 
2 5 -13.12 
5 5 -14.62 
8 5 -14.90 
12 5 -13.90 
2 100 -9.32 
5 100 -10.82 
8 100 -11.10 

Forsterite 
(Mg2SiO4) 

12 100 -10.10 
2 25 -11.57 
5 25 -13.32 
8 25 -13.42 
12 25 -12.50 
2 5 -12.57 
5 5 -14.32 
8 5 -14.42 
12 5 -13.50 
2 100 -8.77 
5 100 -10.52 
8 100 -10.62 

Fo50 
(FeMgSiO4) 

12 100 -9.70 

Figure 1: Minimum time for complete dissolution of one 
fayalite particle at 25°C. Time required depends on particle 
size. Calculated times do not account for changes in particle
size over time. 

Particle 
Size 

Table 1: Maximum olivine dissolution rates. For
non-standard T, activation energy = 19 kcal/mol. 
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factor of ~10 times faster than forsterite compositions 
under the same conditions. Hoefen and Clark [1] esti-
mate iron abundances in Martian olivines from TES 
spectra. Comparisons with terrestrial spectra indicate 
that the olivine in Nili Fossae generally contains 20-
30% FeO (Fo66-Fo73). Martian meteorites Chassigny 
and ALH A77005 have olivine composition of ~Fo68, 
which suggests a similar composition for observed 
olivines on the surface of Mars because their spectral 
features match [4]. Thus, on our Figure 3, these com-
positions would plot between the forsterite and Fo50 
curves. 

While all of our figures show the time required for 
complete dissolution of a single olivine particle, these 
can be adjusted to account for incomplete dissolution 
by multiplying our values by the fraction of dis-
solved/undissolved solid, or they can be extended to 
account for a specific number of particles or moles of 
olivine. For example, if we hypothetically calculate the 
surface abundance of olivine on Mars to be 5%, then 
95% of a deposit of 100% olivine has dissolved. To 
calculate a dissolution time for 95% dissolution, we 
would multiply our reported dissolution times by 0.95. 

Finally, we examined the effect of different activa-
tion energy values as reported by [8, 11]. The lower Ea 
of 9.1 kcal/mol produced a narrower range of dissolu-
tion times (Fig 4). 

pH has a strong affect on alteration rate, as much as 
a factor of ~100 difference in dissolution time. Rela-
tively longer times are needed to dissolve a particle of 
any size or composition at neutral pH than at highly 
acidic or basic pHs (Figs. 1-3). 

Interpretation:  This work is a first step in con-
straining olivine alteration rates on Mars. By bounding 
dissolution rates of olivine, we can make inferences 
about the temporal extent of aqueous alteration on the 
surface. Several hypothesized low-temperature surface 
aqueous alteration processes include valley network 
formation from release of groundwater during impact 
[15] or gully formation from snow melt [16], both of 
which may occur over a period of several thousand 
years. Outflow channels may have formed during brief 
floods lasting less than a year [7]. If large bodies of 
water were present during a “warm, wet” period, large 
standing bodies of water may have been present for 
104 to 109 years [7, 17-18]. High-temperature altera-
tion processes include hydrothermal activity associated 
with impacts and magmatic features [19-20]. These 
features may remain active for 104 to 106 years. Table 
2 summarizes speculated duration times of these aque-
ous processes. For comparison, we have determined 
minimum olivine residence times (time until complete 
dissolution) for 1 mm diameter particles to range from 
much less than one year to ~5,000 years. 
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Figure 2: Minimum time for complete dissolution of one
fayalite particle at 25°C, 5°C, and 100°C. Time required
depends on particle size, but is only shown for 1 mm diame-
ter particles. 
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Figure 3: Minimum time for complete dissolution of one 
olivine particle of different compositions (fayalite, for-
sterite, and an intermediate Fo50) with diameter of 1 mm at
25°C. Time required depends on particle size. Calculated
times do not account for any oxidized iron coatings that may
form from dissolution of fayalite components. 

Figure 4: Minimum time for complete dissolution of one 
fayalite particle with diameter of 1 mm at various tempera-
tures. Ea = 19 kcal/mol, and Ea2 = 9.1 kcal/mol. 
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Aqueous solutions associated with proposed meth-
ods of valley network and gully formation could occur 
on time scales similar to those required for olivine dis-
solution. Furthermore, if we assume that the maximum 
times of olivine dissolution are within an order of 
magnitude of the minimum times we have calculated, 
then the presence of olivine on the surface of Mars 
would imply that contact with aqueous solutions is 
limited to a few 104 years at low temperatures. How-
ever, if erosion continually exposes new olivine or 
deposition replenishes olivine deposits at a rate greater 
than or equal to dissolution, then olivine deposits 
could endure during long-term aqueous processing. 
This logic does not work in reverse: the absence of 
olivine does not prove the existence of an aqueous 
system.  

Because olivine-rich materials in Nili Fossae and 
Aurorae Planum have survived in abundances large 
enough to be detected with TES, our data imply that 
aqueous alteration lasting more than a few hundred to 
a few thousand years did not occur in the olivine-rich 
areas. Or if it can be shown that these deposits are in 
an area affected by aqueous alteration, then we must 
look for processes that might have slowed the dissolu-
tion reaction (e.g., grain coatings). Further study is 
needed to constrain maximum dissolution times as 
well as the nature of the observed olivine-rich material 
in Nili Fossae and other sites. Hamilton and Christen-
sen [6] have begun the latter part of this task. 

Lastly, numerous investigators have hypothesized 
the past presence of a large northern ocean [e.g., 22-
23]. If we were to assume that the maximum times of 
olivine dissolution are within an order of magnitude of 
the minima we have calculated, then our longest oli-
vine residence times overlap with the shortest esti-
mates for the ocean’s lifetime [17]. Thus, olivine might 
survive in a short-lived ocean. However, our calcula-
tions cannot be used in a straight-forward way to as-
sume the duration of a large body of water, as the ab-
sence of olivine does not necessarily imply that aque-
ous processes have occurred. 
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 Table 2 

  
Aqueous Process Duration 

Low T:   

Outflow Channels 
formed by periodic 

flooding through cata-
strophic release of  

water 

Short-lived, <1 yr [7] 
over a period of sev-
eral 100,000 years 

[21] 

Valley Networks 
formed by release of 
groundwater during 

impact 

Few 1,000 years [15]

Gullies formed by 
melting snow Few 1,000 years [16]

Lake Deposits 10,000 - 1 billion 
years [7] 

Ocean Deposits 10,000 - 100 million 
years [17-18] 

    
High T:   

Hydrothermal  
Activity from impact

10,000 - 1 million 
years [19] 

Hydrothermal  
Activity from  

magmatic interactions

Few 100,000 years 
or more [20] 

 Table 2: Time scale of proposed aqueous processes on 
Mars. For comparison, we calculated olivine residence 
times of less than 1  year to ~5,000 years for a 1 mm di-
ameter olivine particle. 
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Introduction: The Martian water cycle is one of the 

three annual cycles on Mars, dust and CO2 being the 
other two.  Despite the fact that detailed spacecraft 
data, including global and annual coverage in a variety 
of wavelengths, have been taken of Mars spanning 
more than 25 years, there are many outstanding ques-
tions regarding the water cycle.    

There is very little exposed water on Mars today, in 
either the atmosphere or on the surface [1] although 
there is geological evidence of catastrophic flooding 
and continuously running water in past epochs in Mars' 
history [2] as well as recent (within about 10,000 years 
ago) evidence for running water in the form of gullies 
[3].  While there is little water in the atmosphere, wa-
ter-ice clouds do form and produce seasonal clouds 
caused by general circulation and by storms [5-8].  
These clouds may in turn be controlling the cycling of 
the water within the general circulation [e.g., 6].  

 The north polar cap region is of special interest as 
the residual cap is the main known reservoir of water 
on the planet today.  The south polar residual cap may 
contain water, but presents a CO2 ice covering, even 
during southern summer.  This hemispheric dichotomy 
is unexplained and is especially puzzling due to the fact 
that the Martian southern summer is much warmer (due 
to Mars' eccentricity) than the northern summer.  Re-
cently, water has been found in the top meter of the 
surface in both the northern and southern high latitude 
regions [e.g. 8-9] indicating an even greater amount of 
water on Mars than previously known. 

Background: In order to better understand the cur-
rent climate of Mars, we seek to understand atmos-
pheric water in the north polar region.  Our approach is 
to examine the water transport and cycling issues 
within the north polar region and in/out of the region 
on seasonal and annual timescales.  Viking Mars At-
mospheric Water Detector (MAWD) data showed that 
water vapor increased as the northern summer season 
progressed and temperatures increased, and that vapor 
appeared to be transported southward [10].  However, 
there has been uncertainty about the amount of water 
cycling in and out of the north polar region, as evi-
denced by residual polar cap visible brightness changes 
between one Martian year (Mariner 9 data) and a sub-
sequent year (Viking data).  These changes were origi-
nally thought to be interannual variations in the amount 

of frost sublimed based on global dust storm activity 
[10-12].  However, Viking thermal and imaging data 
were re-examined and it was found that 14-35 pr �m 
of water -ice appeared to be deposited on the cap later 
in the summer season [14], indicating that some water 
may be retained and redistributed within the polar cap 
region. This late summer deposition could be due to 
adsorption directly onto the cap surface or due to 
snowfall. The possibility that some of the water is sea-
sonally sequestered in water-ice clouds and may allow 
later precipitation had not been previously considered. 
We address these issues by examining water vapor and 
water-ice clouds in the north polar region of Mars dur-
ing the north spring and summer period. 

Method:   
Water-ice clouds.  Water-ice clouds, in the north 

polar region, have previously been tentatively identi-
fied in the Viking era using the Infrared Thermal Map-
per (IRTM) data [14] and in the Mars Global Surveyor 
(MGS) era using the Thermal Emission Spectrometer 
(TES) data ([15] and M. Smith, pers. comm., 2001).  
The Viking data provides only nadir pointed data, 
which necessitates separating the surface contribution 
from the atmospheric contribution.  The technique used 
relies on the water-ice absorption feature at 11-
microns.  Specifically, it uses the 11- and 20-micron 
channels of the IRTM instrument along with a surface 
model to accurately remove the surface contribution 
[4].  For the Viking time frame, we are restricted to ice 
free surfaces and therefore do not see the entire north 
polar cap region throughout the spring and summer 
season.   

With the MGS TES data, there exist both limb- 
and nadir-pointed data.  The nadir-pointed data retriev-
als are currently performed for water ice clouds only 
over surfaces above 220 K (M. Smith, pers. comm.). 
The surface is colder than 220 K northward of 60° N at 
Ls=0°, but this latitude limit moves gradually north-
ward as spring progresses, reaching the pole just before 
Ls=90°.   The TES limb data do not have any compli-
cations due to cold surface temperatures.  Therefore, 
water-ice clouds can be identified throughout the Mar-
tian season, even over the seasonal and residual polar 
cap.  
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MGS TES data over the poles are taken much 
more frequently than over other areas of the planet due 
to the nature of the orbit. The nominal TES observing 
sequence has limb-geometry observations taken every 
10 degrees in latitude.  The orbit of MGS is such that 
over a 2-sol period (approximately 1 degree of Ls), 
approximately 24 orbits of Mars are made with tracks 
spaced roughly evenly every 15 degrees in longitude. 
Therefore, in the polar region, while not as dense as the 
nadir-geometry observations, the limb-geometry obser-
vations help to fill out the data set and provide an addi-
tional cut through the atmosphere from which to iden-
tify clouds and vapor.  The limb data also offer the 
possibility to detect the cloud heights as there are mul-
tiple spectra over the vertical range.   

Water vapor.  Smith et al. [17] have performed re-
trievals for the column-integrated abundance of water 
vapor using the rotational water vapor bands at 220-
360 cm-1. Atmospheric temperatures are first retrieved 
using the 15-�m CO2 band (Conrath et al., 2000). 
Next, a forward radiative transfer computation is used 
to find the column-integrated water abundance that best 
fits the observed water vapor bands.  At this time water 
is assumed to be well-mixed up to the condensation 
level and then zero above that.  A total of six water 
vapor bands between 220 and 360 cm-1 are observed in 
TES spectra and the widths and relative depths of all 
six bands are very well fit by the synthetic spectra.  
Because the spectral signature of water vapor is spec-
trally very distinct from those of dust and water-ice, we 
can easily separate the relative contributions from each 
component (dust, water-ice, and water vapor) on a 
spectrum-by-spectrum basis. 

Recent analysis with MGS TES data has shown 
evidence for water vapor "pulses" as the seasonal north 
polar cap sublimes [15].  This could be linked to the 
previous late-summer season deposition, discussed 
above.  Additionally, there may be some differences in 
the details of the water vapor as a function of latitude 
and season between the Viking era and the current era.  
Any such differences would help identify and charac-
terize the degree of interannual variability in the water 
vapor.   There is also indication of latitudinal water 
vapor transport as a function of season seen through 
longitudinally averaged water vapor [16 and Figure 1].  
We will present our latest results on water vapor trans-
port, spatially and temporally. 

 

 

 
Figure 1.  Longitudinally averaged water vapor as 

a function of latitude for Ls=115° (top) and Ls=117° 
(bottom).  The amount of water vapor in the centermost 
ring (highest latitude ring) shows about a 15 pr micron 
enhancement in 2° Ls, while the 3rd and 4th rings from 
the center show a decrease in vapor amount. 

 
Dust.  Dust in the north polar region can play an 

important role in the water cycling story in a couple of 
ways.  One, by acting as cloud condensation nuclei, 
dust may allow water-ice clouds to form and could 
potentially cause gravitational settling and sequestering 
of the water.  Two, dust may be sufficiently radiatively 
active to prohibit clouds from forming and potentially 
allowing a greater degree of water vapor transport out 
of the polar region. The MGS TES instrument also 
spans the wavelength region over which Martian dust is 
absorbing, allowing its retrieval.  

Surface Temperature.  The north polar region sur-
face temperature during the northern polar season can 
be compared to the Viking era to further elucidate po-
tential interannual differences and to understand the 
vapor, water-ice, and dust retrievals.  MGS TES is also 
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capable of measuring the surface temperature. Surface 
temperatures can confirm that carbon dioxide is not 
present on the cap surface, implying that any brighten-
ing is likely water ice.   

Intercorrelation of data: To date, there has been 
no comprehensive study to understand the partitioning 
of water into vapor and ice clouds, and the associated 
effects of dust and surface temperature in the north 
polar region. Ascertaining the degree to which water is 
transported out of the cap region versus within the cap 
region will give much needed insight into the overall 
story of water cycling on a seasonal basis.  In particu-
lar, understanding the mechanism for the polar cap 
surface albedo changes would go along way in com-
prehending the sources and sinks of water in the north-
ern polar region.  We approach this problem by exam-
ining TES atmospheric and surface data acquired in the 
northern summer season and comparing it to Viking 
data when possible.  Because the TES instrument spans 
the absorption bands of water vapor, water ice, dust, 
and measures surface temperature, all three aerosols 
and surface temperature can be retrieved simultane-
ously.  This presentation will show our latest results on 
the water vapor, water-ice clouds seasonal and spatial 
distributions, as well as surface temperatures and dust 
distribution which may lend insight into where the wa-
ter is going. 
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MARS: UPDATING GEOLOGIC MAPPING APPROACHES AND THE FORMAL STRATIGRAPHIC
SCHEME.  K. L. Tanaka and J. A. Skinner, Jr., U.S Geological Survey, 2255 N. Gemini Dr., Flagstaff, AZ 86001;
ktanaka@usgs.gov.

Introduction: At the Fourth Mars Conference in
1989, Tanaka reviewed the stratigraphy and geologic
history of Mars that had emerged based on systematic
geologic mapping of the planet’s surface using Viking
data [1]. This review looked at the stratigraphic col-
umn for Mars and assessed the global geologic history
in terms of impact, fluvial, periglacial, aeolian, vol-
canic, and tectonic processes. Many significant new
studies using Mars Global Surveyor (MGS) and now
Mars Odyssey (MO) data are showing some important
new insights and discoveries that are altering and
deepening previous understandings. If we were to il-
lustrate the current state of the science, we might com-
pare it to a loose-leaf notebook in which pages are
rapidly being added, removed, and rewritten, with
plenty of room remaining. Much of the flux is due to
new data, of course, but also much can be attributed to
the re-examination of basic assumptions and ap-
proaches and our ability to employ ever more powerful
computer techniques. Here, we will attempt to review,
based on our experience, the areas where the most
change seems to be occurring, what prospects we face
in the immediate future, and where caution needs to be
exercised.

Geologic Mapping Approaches: The fundamental
technique for reconstructing the history of planetary
surfaces is geologic mapping. Maps portray the distri-
bution of rock units and surface features as they devel-
oped through time, based on morphologic relative-age
indicators including superposition and cross-cutting
relations as well as crater-density determinations
where possible, as on Mars.

Previous Methods and Their Shortcomings. Gener-
ally, map units for Mars have been based on morphol-
ogy, albedo, relative ages, and topography using Mari-
ner 9 and Viking images. These data have proved to be
valuable but challenging to map with, because of in-
consistencies in or problems with resolution, atmos-
pheric opacity, solar illumination, and image locating.
MGS MOLA data have been extremely valuable in
providing improved topographic and morphologic
views over much of the planet’s surface. However,
cross-track spacing is locally quite large in the equato-
rial region and above 87° latitudes, where off-nadir
pointing was required.  New, largely nadir visible and
thermal infrared images of the surface by MGS MOC
and MO THEMIS provide higher resolution and dif-
ferent wavelength views of the surface. MOC NA im-
ages reveal close-up views of morphology and albedo

features at meters to tens of meters scales such as rock
layers and craters [2]. Depending on scale, these new
data sets will likely justify revised mapping of Mars.

While the prospects for new results detailing the
geologic history of Mars are bright based on new data
alone, improved mapping methods will also be signifi-
cant. Since the days of systematic geologic mapping
using Mariner 9 data, Mars geologic map units have
been characterized and named on the basis of mor-
phologic and albedo features that we now (as well as
previously) realize represent secondary features related
to surface modification and tectonic deformation
(rather than to the primary origin of the unit).  Exam-
ples of secondary descriptors in unit names include
“ridged,” “lineated,” “channel,” “dissected,”
“cratered,” “mottled,” “etched,” “knobby,” “smooth,”
and “rough.” Albedo seems to be a consistently map-
pable characteristic only where the surface is free from
dust due to recent atmospheric activity; (e.g., polar
residual ice, which varies annually in extent), or where
the dust and soil themselves are being mapped. How-
ever, much of the planet is covered by a shifting man-
tle of dust as indicated by high albedo and low thermal
inertia data.

Some units have composite signatures of signifi-
cance, but the unit name may focus on only one item.
Thus, “knobby material” usually signifies knobs of one
material surrounded by plains-forming material of an-
other material type and age. Finally, unit descriptor
terms usually have relative and thus imprecise mean-
ing; as an example, a “smooth” surface at small scale
may be characterized as “rough” at larger scales. Thus
morphology, albedo, and other surficial data must be
used with caution, if at all, in defining map units. In
many cases, it may be difficult to determine whether
particular signatures are primary or secondary (e.g., the
high albedo of a rough surface could be primary or it
may represent a coating of much younger, high-albedo
aeolian material).

The use of secondary features in unit names and
definitions engenders the misconception that the sec-
ondary features are either primary or at least about the
same age as the material unit being mapped. Even
worse, mappers may be inclined to map material unit
contacts on the basis of the presence or absence of
those features without carefully testing this approach.
These issues have been addressed in the case of photo-
geologic mapping of planetary surfaces marked by
tectonic structures [3], which is particularly applicable
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to Venus and outer planet satellites. The Moon, Mer-
cury and Mars also have surfaces displaying sufficient
ranges in crater densities to provide an effective tool in
relative-age dating. Mars is an especially complex
case, because it also has experienced significant ero-
sion.  Thus determining the relative ages of secondary
features requires special care. For example, feature
terminations (e.g., of grabens or valleys) may represent
either the original, full extent of the features or the
extent to where obliteration has occurred due to resur-
facing by erosion, degradation, or burial by younger
material. To discriminate between these possibilities,
additional evidence is required such as embayment by
younger material.  It is insufficient to rely solely on a
lower crater density where the features are missing,
because erosion or the former presence of mantles may
account for a lower crater density and not younger
material.

While it may be particularly evident that many
morphologic and albedo signatures may be secondary
and thus should not be included in map-unit definitions
and names, we also see a danger in using terrain de-
scriptors, such as “highlands,” “plains,” “hilly,”
“floor,” and “basement.” Such descriptors force the
mapper to pigeonhole outcrops on the basis of terrain,
although geologic units may actually occur in multiple
terrain settings. Furthermore, terrain descriptors do not
make sense in cross section, as in “ridged plains mate-
rial” that may make up kilometers-thick sequences of
flows exposed in the walls of Valles Marineris and
Kasei Valles or as in “channel floor material” actually
made up of scoured older material. In some cases, but
not generally, mappers have called these units “geo-
morphic units,” recognizing they represent younger
surfaces rather than younger materials. However, such
maps suffer from the added complexity of not being
fully geologic maps.

Another shortcoming in much of the previous geo-
logic mapping of Mars has been the nature of contact
relations among map units, which was not studied
carefully, not documented adequately, and/or not
mapped in detail using multiple contact types. Thus the
reader is left uninformed about the specific inferences
and their associated uncertainties used in defining map
units, in mapping contacts, and in determining relative-
age relations between units. Many contacts among
Noachian materials and younger plains-forming mate-
rials in particular have been described as gradational,
which could mean gradational in morphology, age,
lithology, provenance, emplacement processes, etc.,
with adjacent units.

Improved Mapping Approaches. We are imple-
menting some significant new approaches in our geo-
logic map of the northern plains of Mars (in progress)

in order to overcome the aforementioned shortcom-
ings.  These approaches may need further refinement
and thus should be regarded as tentative.

First, we are not using morphology, albedo, terrain,
or any other physical characteristics in map-unit
names.  Following terrestrial methods, units are named
strictly after associated geographic terms (e.g., Vastitas
Borealis Formation). They may also be distinguished
by geochronologic period (e.g., Noachian), relative
stratigraphic position (e.g., upper, lower, 1, 2, 3),
and/or lateral facies (interior, exterior, marginal,
proximal, distal).

Second, we define map units only by their apparent
primary features, and secondary features are discussed
only as they relate to unit character. Examples of the
latter include inferences such as yardangs indicative of
friable materials and steep scarps suggestive of resis-
tant material. In addition to lithologic (rock-
stratigraphic units), we recommend also mapping
unconformity-bounded units (UBUs) [4] (or allostrati-
graphic units [5]) that discriminate material units by
relative age, wherever a significant hiatus can be dem-
onstrated in the geologic record. Also, these units may
consist of multiple lithologies, useful when an intimate
mixture of diverse lithologies may prove to be imprac-
tical to map but all have a geologic and temporal asso-
ciation. Thus lobate materials of diverse, mixed mor-
phologies in Utopia Planitia may include lava and ash
flows, lahars, and mudflows of diverse lithology but all
related to the same period of volcanism and erosion of
the western flank of the Elysium rise as defined by
stratigraphic relations and crater counts. Another ex-
ample would be two sets of overlapping lava flows in
which the older set is faulted by grabens and the
younger set buries the grabens. While UBUs have been
used in essence in previous mapping to some degree,
the lack of their formal recognition as a legitimate unit
type has resulted in inconsistency in their application.

Third, we avoid discriminating units having con-
siderable overlap in both character and age. We thus
have not separated out both Late and Middle Noachian
highland units in our northern plains mapping (as in
the cratered and subdued units of the plateau sequence
as mapped previously [6]). Most Noachian surfaces
show high variability in crater densities and terrain
ruggedness, but few display strong morphologic indi-
cations of embayment and overlap relations that relate
to distinctive epochs.  We only have mapped within
~300 km of the highland/dichotomy boundary; and
Late Noachian materials appear to occur elsewhere,
such as material covering Thaumasia Planum south of
Coprates Chasma [7].

Fourth, we attempt to lump or split units based on
geologic associations at map scale. This is not a new

Sixth International Conference on Mars (2003) 3129.pdf



MARS: GEOLOGIC MAPPING APPROACHES: Tanaka K. L. and Skinner, J.A., Jr.

approach, but implementing it has improved now that
MOLA and other new data better define topographic
and other associations for provenance of deposits and
source regions of volcanic flows.

Fifth, we more carefully define and map contact
types according to USGS standards [8], including:
certain, approximate, gradational, inferred, and in-
ferred approximate.However, the USGS guidelines
seem to be poorly defined, so we have provided our
own: Certain  denotes a precise contact between well-
characterized material units, whereas approximate
contacts are less precisely mapped due to data quality,
subtlety of the contact, and/or secondary surface modi-
fication. Gradational contacts are used around com-
posite units made up of intimate mixtures (at map
scale) of older materials and their apparent erosional
products, such as knobs of older material surrounded
by younger slope material; such units grade with adja-
cent, continuous outcrops of both the older material
and younger plains-forming material at the base of the
knobs. Inferred contacts are used when the material
distinctiveness between the map units is subject to
question.  An example is the contact between what we
are mapping as the interior and marginal members of
the Vastitas Borealis Formation. The interior member
may be simply a different morphologic expression of
the same material and emplacement age as the mar-
ginal member, or it may represent material of the mar-
ginal member that was later pervasively and intensely
reworked. Digital mapping of line work greatly facili-
tates the drafting and editing of multiple contact types.

The Formal Martian Stratigraphic Scheme:
Surprisingly, the scheme initially introduced by Scott
and Carr [9] from Mariner 9 based global geologic
mapping and later refined using Viking global geologic
mapping results and crater-density data [1], has fairly
well withstood the test of time and dozens of local and
regional studies in the assigning of relative-ages based
on crater densities and stratigraphic relations. How-
ever, aspects of the scheme are either flawed or need
revisiting.

Referents and Time-Stratigraphic Units.  The pre-
sent stratigraphic scheme for Mars is based on the for-
mal time-stratigraphic methodology developed for
Earth [5]. Time-stratigraphic (or chronostratigraphic)
units define stratigraphic position and are based on
rock units that can be used to define a specific period
of geologic time; the base of the unit represents the
beginning of the period. Time-stratigraphic units form
Systems and their subdivisions, Series, and their chro-
nologic equivalents are Periods and Epochs. Thus
heavily cratered material in Noachis Terra defines the
Noachian System position and the Noachian Period
age category, and intercratered plains material defines

the Upper Noachian Series, corresponding to the Late
Hesperian Epoch [1].

Increasingly, it is apparent that using material ref-
erents to define the spans of time-stratigraphic units on
Mars does not work well, because of many uncertain-
ties in the temporal character of the geologic units and
the lack of temporal continuity among the referents.
Also, photogeologic techniques necessarily limit the
inspection of material units to surface exposure, and so
little is known about their vertical character. Thus
stratigraphic columns remain poorly defined. Some of
the specific problems include: (1) The base of the
Lower Noachian basement material is unexposed and
thus remains stratigraphically undefined. (2) Middle
Noachian cratered terrain and Upper Noachian inter-
crater plains materials are intergradational with each
other as well as with older and younger units. This
means that the ages of parts of the units fall outside the
time-stratigraphic positions and periods they are meant
to define. Also, the end of the Noachian is commonly
viewed as when widespread valley formation and cra-
ter degradation largely ceased on Mars. However,
some evidence indicates that that cessation may be
time transgressive and controlled by elevation [10]. (3)
Lower Hesperian ridged plains material is mapped in
many areas across the planet, but some patches actu-
ally have Late Noachian crater densities [7]. Also,
wrinkle ridges deform plains materials in caldera floors
and northern plains surfaces, which reminds us that
wrinkle ridges are not primary features and thus do not
necessarily relate temporally to the materials they de-
form. Finally, MGS and MO data are revealing that
Hesperian Planum itself may be complex stratigraphi-
cally. (4) Upper Hesperian complex plains material,
representing the Vastitas Borealis Formation likely
consists of sedimentary material related to inundation
of the northern plains. The unit may represent a very
brief moment in geologic time, rather than a truly ex-
pansive epoch. (5) The Lower and Middle Amazonian
referents are deposits and lobate materials whose de-
tailed histories remain to be determined. (6) The Upper
Amazonian flood-plain material in Elysium Planitia
now appears to be largely flood lavas that were em-
placed in an extremely young and brief event.

Crater-Density Definitions and Precautions. Ta-
naka [1] used the type material referents to help deter-
mine the crater-density boundaries to the time-
stratigraphic units, which has been a very useful appli-
cation of that stratigraphic scheme. However, for
stratigraphic applications, crater-density relative-age
determinations have some serious limitations that need
to be kept in mind. Crater densities provide, assuming
no subsequent resurfacing, a mean surface age. Thus,
unexposed, older parts of the unit cannot be accurately
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dated, although in some cases the crater age of buried
surfaces can be inferred by the density distribution of
large, partly buried craters and depressions indicating
possible buried craters. In addition, map units may
include outcrops of greatly varying age, in which the
crater sample size of individual outcrops may be insuf-
ficient to effectively constrain age. Thus, the standard
deviation of the mean crater age may be a rather
meaningless quantity when it comes to defining the
age range of units. An extreme example would be a
Hesperian crater density resulting from a map unit that
includes individual outcrops of Noachian, Hesperian,
and Amazonian material.

Another problem that is increasingly noted is the
effects of resurfacing on crater counts. It has long been
appreciated that degraded, ancient cratered surfaces on
Mars have shown evidence of crater obliteration, both
in surface morphology and crater distributions. Also,
smaller craters appear to be obliterated at higher lati-
tudes, which may relate to episodic growth and reces-
sion of ice-rich dust mantles until geologically recent
time [11]. Even at equatorial latitudes, pedestal craters
and formation of yardangs in materials including the
Medusae Fossae Formation and layered deposits at
Meridiani Planum indicate regional scale burial and
exhumation. As a result, crater densities in many cases
reflect exposure or retention ages that may be much
younger than the emplacement age of the material
units.

Recommendations for Updating the Formal Strati-
graphic Scheme. As previously discussed, some of the
referents for defining martian epochs are time trans-
gressive across epoch boundaries, whereas others may
represent only a small fraction of the epoch, as defined
by crater counts. Because of the utility of crater-count
boundaries and all the relative-age determinations that
have been performed using the existing scheme, the
best option may be to abandon the referent-based,
time-stratigraphic approach that has been used, but
continue to use the crater-density boundaries defining
the epochs for the time being. Eventual updating of the
scheme is still desirable, because until then, the asso-
ciation of the time-stratigraphic units with their refer-
ents will remain. A better scheme is the modified time-
stratigraphic approach used for the Moon, in which
significant impact and mare-emplacement events,
dated by crater counts and radiometric ages of returned
samples, are used as time-stratigraphic demarcations
[12]. This scheme developed over time for, as in the
case of Mars, rock units were inappropriately used to
define time-stratigraphic units initially.  To some de-
gree, the lunar approach is bolstered by terrestrial work
that appears to support the notion that some significant
stratigraphic boundaries such as the Creta-

ceous/Tertiary may have resulted from impact or other
short-lived events.

For Mars, significant widespread and notable
events in the geologic record may include large im-
pacts, huge volcanic eruptions, climate change as indi-
cated by extensive high-latitude mantles and in the
record of polar layered deposits, and emplacement of
huge sedimentary deposits. A specific example is the
expansive Vastitas Borealis Formation in the northern
plains. This material appears to have been deposited in
a geologically very brief span of time. As such, it
could be used as an event referent marking the begin-
ning of a “Borealian” Epoch or even Period. A general
overhaul of the martian stratigraphic scheme, however,
should await updated, systematic, planetwide geologic
mapping based on the new MGS and MO data sets and
improved mapping techniques discussed herein. (Any
drastic changes in Mars stratigraphic nomenclature
should be approved among a broad venue of martian
mappers and crater counters for formal acceptance.)

Implications. A huge amount of work has already
gone into geologic mapping and relative-age dating of
Mars for the determination of local to global-scale
geologic histories. Nevertheless, significant advances
can and will come in how researchers formalize mar-
tian stratigraphy and in how well mappers interpret the
geologic history of Mars, based on new data, improved
techniques, and more thorough crater-density analyses.
We recommend that new, planetwide systematic geo-
logic mapping of Mars be undertaken. Moreover, ob-
taining the best results possible in reconstructing the
geologic history of Mars with available data will be
vital for intelligently targeting sites to meet the explo-
ration objectives of future Mars missions.
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Summary: We report preliminary measurements
of the concentrations of K and Th on Mars. Concen-
trations of K and Th and the K/Th ratio vary across the
surface. Concentrations are higher than in Martian
meteorites, suggesting that most of the crust formed by
partial melting of enriched mantle. The average Th
concentration (1.1 ppm), if applicable to the entire
crust, implies a maximum thickness of about 65 km.
The variation in the K/Th ratio suggests that aqueous
processes have affected the chemistry of the surface.

Introduction:  The concentrations of potassium
and thorium on planetary surfaces reveal much of the
story of crustal evolution. They are both incompatible
elements, so they concentrate in magma. During igne-
ous processing, the ratio of K to Th is approximately
constant, so K/Th in igneous rocks reflects that ratio in
the bulk silicate planet. However, aqueous processes
can fractionate K from Th, in principle giving us a way
to investigate the extent of aqueous alteration of a
planetary surface.

Overview of Results:  Date reduction techniques
are described briefly in [1,2]. We present data from 45
S to 65 N only because high H concentrations at higher
northern latitudes make corrections uncertain at pres-
ent and because the data south of 45 S were obtained
before boom deployment. K and Th are not uniformly
distributed on Mars (Fig. 1-3). Some regions are richer
in one or both of these elements than others. The
northern plains from about 60 W to 180 E are rich in
both, though the higher-than-average Th region ex-
tends much further south into the highlands. Both are
generally medium to low over Tharsus, though there is
a patch of higher K south of Olympus Mons. There is
distinctly higher K and Th in Terra Sirenum in the
region 30 to 45 S, 150 to 180 W, and in Terra Cimme-
ria (15 to 45 S, 150 to 189 E). The region west of
Hellas contains average K, but has relatively high Th.
The K/Th ratio varies widely. It is distinctly low west
of Olympus Mons in Amazonis Planitia, in the region
where Kasei Valles meets Chryse Planitia, in western
Arabia Terra, and in Syrtis Major Planum. K/Th is
high in the region surrounding and in Valles Marineris,
Terra Cimmeria, and over much of Vastitas Borealis.

These variations probably reflect a combination of
bulk Martian K and Th concentrations, igneous proc-
esses, and aqueous alteration. We hope to deconvolve
these effects, and present preliminary interpretations
below.

Fig. 1. K distribution on Mars. Data smoothed with 450
km boxcar filter.

Fig. 2. Th distribution on Mars.  Smoothed with 1200
km boxcar filter.

Fig. 3. K/Th varies significantly across Martian surface.
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Bulk Martian Composition and Style of Pri-
mary Differentiation:  K vs Th for the surfaces of
Mars (unsmoothed 10-degree pixels) and the Moon (5-
degree pixels[3]) is shown in Fig. 4. For a given Th
content, the lunar surface contains much less K than
does Mars. This reflects a large difference in K/Th in
the bulk silicate portions of the two bodies, as we al-
ready knew from studies of SNC meteorites and lunar
samples. The low lunar bulk K may reflect processes
that operated during formation of the Moon by a giant
impact [e.g., 4]. Martian meteorite data have been used
to infer that Mars is enriched in moderately volatile
elements such as K compared to Earth [5]. Because of
the complexity of the surface, it is not yet possible to
test the proposition that bulk silicate Mars has a higher
K/Th than does the Earth. Nevertheless, the global data
for K and Th are consistent with a somewhat higher
K/Th for Mars, and Martian meteorite data clearly
show that the Martian mantle was enriched in Mn and
P, two other moderately volatile elements, compared to
Earth [5,6].

Fig. 4. K and Th variations on the lunar (5-degree pixels
[3]) and Martian (10-degree pixels) surfaces. Dashed
lines indicate constant K/Th ratios and are not fitted to
the data.

The data in Fig. 4 can be used to probe the nature
of the primary differentiation of Mars. The Moon has a
much larger range in Th concentrations than does
Mars. For the Moon this was caused by formation of a
plagioclase-rich crust from a global magma system
(called the magma ocean). Extensive fractional crys-
tallization of the magma ocean also led to formation of
materials enriched in Th and K (nicknamed KREEP).
There is no evidence that extensive regions of exposed
low-Th, low-K cumulates occur on Mars. Nor is there
any evidence for the formation (or at least preserva-
tion) of extensively fractionalized products (the Mar-
tian equivalent of KREEP). This suggests that either a
magma ocean did not form on Mars, that its character-
istics (e.g., formation of garnet at its base, presence of
water [7]) differed significantly from those of the lunar

magma ocean, or that its products are not exposed at
the surface.

Crustal Evolution and Thickness: Global K and
Th concentrations are generally higher than those in
SNC meteorites (Fig. 5). Assuming the surface is rep-
resentative of the entire crust, this suggests that the
igneous rocks in most of the Martian crust are enriched
compared to SNC basaltic meteorites in incompatible
elements. This is consistent with models of Martian
crustal evolution [8-12] that call on enriched and de-
pleted reservoirs. The enriched component appears to
have formed early in the history of Mars [10,11,13].
The high concentrations of K and Th in the Martian
crust, especially if the crust formed early in Martian
history, places constraints on the extent of melting
after crust formation and the total heat production on
Mars [14-15].

Fig. 5. K, Th variations on Mars compared to Martian
(SNC) basaltic meteorites. Typical statistical uncertainty
shown on right.

Fig. 6. Crustal Th vs. thickness of the crust.

We can use the average Th content of the surface
to estimate the thickness of the crust (defined geo-
chemically as the complement to the mantle). The av-
erage Th is 1.1 ppm. We assume that this surface aver-
age applies to the entire crust. Though not certain,
there is no evidence to the contrary. Impacts early in
Martian history churned over the highlands, producing
a megaregolith that mixed the upper tens of kilometers
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of the crust, as we suspect happened on the Moon.
Dust and soils might represent at least a rough average
of the upper crust. Finally, lava flows exposed on the
surface might be similar in composition to magmas
intruded at depth.

Assuming that this applies to the entire crust and
that the primitive mantle had a Th concentration of
0.056 ppm [5], we find that 100% of the Th would be
in a crust 65 km thick (Fig. 6). Since 100% partition-
ing of Th is unlikely, this is the maximum crustal
thickness. If the average crustal thickness is 50 km
[16], then the crust contains about 65% of the planet's
bulk Th, in agreement with Norman's [8] estimate that
50-55% of the Nd is in the crust. This level of differ-
entiation is not greatly different from that of the Earth.

K and Th as Monitors of Aqueous Alteration:
The K/Th ratio varies considerably on Mars (Fig. 3, 5).
These elements behave reasonably conherently during
igneous processing. Although they do vary somewhat
among major groups of igneous rocks on Earth, their
geochemical behavior during partial melting and frac-
tional crystallization are very similar compared to their
behavior during aqueous processing. We cannot rule
out fractionation by igneous processes, especially at
the extremes of fractionation [S. McLennan, personal
communication]. K/Th varies among basaltic SNC
meteorites (Fig.5), though not to the extent it varies in
our global data set. The Moon provides an excellent
example of fractionation under extensive igneous
processing, and the global data obtained by Lunar
Prospector indiates that K/Th is relatively constant
(Fig. 4). Thus, we are pursuing the idea that the varia-
tion in K/Th is caused at least in part by aqueous proc-
esses. We hope this ratio, and U data when counting
statistics improve, will be a useful tool for studying
aqueous processes on a global scale.

Fig. 7. Weathering of terrestrial basalt causes a deple-
tion of K while Th remains constant, leading to reduc-
tion in the K/Th ratio.

Dissolution of K and Th depends on the solubility
of the phases they are in: K in feldspar (plagioclase

and K-feldspar) and volcanic glass, and Th in phos-
phates, volcanic glass, and possibly in other accessory
phases such as zircon and monazite. Experiments and
measurements of weathering profiles illustrate the dif-
ferent behavior of K and Th. Nesbitt and Wilson [17]
studied a terrestrial weathering profile in basalt (Fig.
7). Th is resistant to transport while K is very mobile.
In this example, both K and Th were concentrated in
residual glass in the lava flow studied.

Dreibus et al. [18; also Dreibus and Wanke, un-
published data] did leaching experiments on the Mar-
tian meteorites. They put pulverized meteorite powders
in slightly acidic, saturated solutions of Mg2SO4, and
allowed the powders to be leached for minutes to
hours. The results (Fig. 8) show that the REE and U
were almost completely removed from the residue,
while almost all of the K remained undissolved. They
interpreted this to indicate that the leached elements
were all contained in phosphates, while K was con-
fined to plagioclase. This is another illustration that
aqueous processes can fractionate K from U, and pre-
sumably from Th. (Th could not be measured by the
INAA technique used, but would probably have be-
haved like U because it is contained in phosphates,
too. Its behavior in the solutions might be very differ-
ent from that of U, however.) Because P is abundant in
SNC meteorites (and by inference in the Martian man-
tle), phosphate dissolution might be important in frac-
tioning K from Th.

Fig. 8. Leaching experiments [18] on Martian meteor-
ites show that mildly acidic solutions rapidly dissolve
phosphate minerals, removing REE, U, and (presuma-
bly) Th from the residual solid. Terrestrial basalts may
behave differently because of differences in siting of
these trace elements.

Differential solubility of K-bearing phases and Th-
bearing phases may have led to large-scale fractiona-
tion of K and Th, as shown in Fig. 3. The K/Th ratio
and total abundances of each might serve as a monitor
of global fractionation caused by aqueous processes
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(weathering, hydrothermal alteration, fumerolic activ-
ity, etc.). However, to use this tool, we need more ex-
periments and detailed geochemical modeling of trace
element fractionation under Martian environmental
conditions.

Conclusions: Although our data should still be
considered preliminary, we can make some tentative
conclusions: (1) The concentrations of K and Th and
the K/Th ratio vary across the Martian surface. (2) The
concentrations are significantly higher than those in
SNC meteorites, suggesting different mantle sources
for the meteorites compared to the bulk of the crust.
(3) Most of the crustal igneous rocks could have
formed from enriched mantle sources. (4) The con-
centration of Th on Mars does not vary as much as it
does on the Moon, suggesting that the primiary differ-
entiation of Mars differed from that of the Moon. (5) If
the average Th concentration of the surface is equal to
the average of the entire crust, the crust cannot be
thicker than 65 km. (6) The mean Th concentration is
consistent with a crust 10s of km thick. (7) Aqueous
processes have played an important role in the frac-
tionation of K from Th.
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Introduction: The European Space Agency (ESA)
will launch the Mars Express spacecraft in June 2003.
The mission is intended to provide a flight opportunity
for re-builds of experiments lost as a result of the
Russian Mars "96 launch failure and will reach Mars
around Christmas 2003. The re-build has allowed several
instruments to be improved and upgraded. However, a
completely novel element of the Mars Express payload
is the Beagle 2 lander.

Beagle 2 is designed to descend through the atmo-
sphere of Mars to the surface using a combination of
aerobraking, parachutes, and airbags. After coming to
rest in the Isidis Planitia region of Mars, (260-270�W,
5-10�N), the lander will deploy solar panels and begin
scientific operations. The scientific payload comprises an
X-ray fluorescence spectrometer, a Mössbauer spectrom-
eter, a stereo camera system, a stepped combustion mass
spectrometer (GAP), a sampling device (``PLUTO''), a
set of environmental sensors, and a microscope.

Most of the experiments (the exceptions being the
GAP and the environmental sensors) are mounted on a
robotic arm referred to here as the ARM. The end of the
ARM has a flat experiment "platform", referred to as the
PAW (position adjustable workbench), on which the
experiments are mounted.

In addition to the experiments, a grinding and coring
tool is also available on the PAW to scratch and flatten
the surfaces of rocks within reach of the ARM.

This paper describes the aims and performance of the
microscope on the Beagle 2 PAW.

Scientific Objectives: A microscope has four
distinctly different tasks in a lander package. Firstly, the
instrument can be used to study the physical and struc-
tural properties of a surface and hence make a geophysi-
cal analysis and contribute to the overall geological and
mineralogical interpretation of the landing site.

Secondly, a microscope can contribute to studies of
the atmosphere of Mars. Specifically, dust particles are

continuously precipitating out of the dusty atmosphere
and hence a microscope can be used to constrain the
sizes and shapes of particles for input into atmospheric
scattering and radiative transfer models of the Martian
atmosphere.

Thirdly, the instrument can be used to characterize
and/or select a sample before it is passed to another
analytical instrument. It is used therefore to assist the
chemical analysis.

Finally, the instrument can be used to study the
morphology of a potentially biological sample and hence
identify structures which are characteristic of past or
present biological activity.

Instrument Concept: The concept of the optics for
the microscope was based on a system originally de-
signed for the Mars Environmental Compatibility
Assessment (MECA) experiment package which was
slated for launch on the cancelled Mars "01 mission.

The detailed design of the microscope for Beagle 2
was constrained by even more stringent mass and
volume limits. This suggested that we try to keep the
focal length of the experiment as short as possible. This,
in turn, implied that we should select a relative short
working distance (the distance between the object
position and the first optical element) of the order of 12
mm. This was considered a reasonable solution given
that the ARM would be able to bring the microscope to
the sample. The optically active elements comprise a
Cook triplet. The optics provides a magnification of
3.5:1.

The sample is unlikely to be well illuminated by
sunlight because the microscope itself shadows the
sample. This implied that an illumination system would
be required. Microscopes in the laboratory use either
transmissive illumination or confocal illumination.
While a confocal system is desirable, at present the
development of such a method of illumination for
spaceflight is only at a preliminary stage. For Beagle 2,
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Figure 1 The FM microscope views a target mounted
on a translation stage during bench testing.

Figure 2 Microscope image of yeast on agar. The
field of view is 4 x 4 mm2. The brights dots on the
surface of the yeast come from specular reflections
from the LEDs. Individual organisms are below the
resolution limit. 

we have chosen to use light-emitting diodes (LEDs)
mounted around the entrance aperture of the microscope.
The system comprises 12 LEDs, 3 red, 3 green, 3 blue
and 3 UV. The UV LEDs are designed to induce fluores-
cence in rocks (or a biological sample). A filter has been
introduced into the optics to eliminate reflected UV from
the incoming beam.

For mass reasons, it was decided to use a mi-
cro-camera head including a CCD detector and its
associated electronics (detector control electronics,
analogue to digital converter, noise reduction filters,
clock, memory buffer, serial digital interface drivers, and
10 Mbit s-1 communication protocol) in a lightweight
(ca. 80 g) highly integrated 3D module. This mi-
cro-camera has benefited from developments by
SPACE-X within a contract from the ESA Technical
Research Programme (TRP). The 14 micron pixel pitch
leads to a pixel scale of 4 micron px-1. The CCD is a 1k

x 1k device giving a field of view of just over 4 x 4 mm2.
Even before detailed design commenced it was clear

that the depth of focus of the microscope would be under
100 microns. It was also apparent that the accuracy with
which the PAW could bring the microscope to the
sample would be at least a factor of 20 larger than this.
Thus, a focussing mechanism was necessary. Translation
of the entire microscope at the interface to the PAW was
implemented. The PAW provides a means of bringing
the microscope to within ±3 mm of its target. A "thumb"
on the PAW prevents the microscope from impacting

rocks unless their surface roughness is greater than ±12
mm (the working distance). The full range of the stepper
motor is  ±3 mm, matching the accuracy of the PAW
motion. The instrument is shown in Fig. 1.

Test Results: An image scale of 4.075 micron px-1 at
the best focus position was derived in bench tests. The
variation in the image scale across the field of view of
the microscope corresponds to a 0.2% distortion. The
FWHM of a point source at the nominal focus position
is 4.50 microns (1.10 px) and is less than 6 microns (1.5
px) within 50 microns of the nominal focus position.
This result indicates that the accuracy of the stepper
motor motion (20 microns) should be more than suffi-
cient.

The flat-field shows some slight evidence of vignett-
ing at the corners of the FOV. This is partly due to a
slight misalignment of the detector in its housing and
partly due to the baffling system. 

The red LEDs are slightly susceptible to temperature
and their central wavelength decreases from nominal
(642 nm) at room temperature to 625 nm at 183 K. The
wavelengths of the other LEDs vary by less than 2 nm
over this temperature range. The output of the UV LEDs
is strongly temperature dependent below 220 K and they
become very faint below 200 K.
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The illumination field has been calibrated for all LED
combinations and the system absolute response com-
puted. (Care needs to be taken here because, unlike most
imagers, the microscope also provides the irradiance of
the target.)

For amusement we show in Figure 2 an image of
some yeast grown on agar. This shows that the micro-
scope still does not have high enough resolution to
resolve individual organisms.

Flight Software: The microscope can generate a
huge volume of data. In particular, because we have no
a priori knowledge of the focus position and because
different parts of the field will have different focus
positions as a result of surface roughness, many images
at different positions need to be acquired to ensure that
all parts of the field are in focus at some point. Poten-
tially, 60 or more images may be required to guarantee
that we obtain all parts of the field in focus at some
stage.

Two approaches to solving the problem of data
volume have been implemented on Beagle 2. Firstly, a
wavelet compression algorithm has been incorporated
into the lander software to reduce the total data volume
from the experiment. The algorithm will also be used to
support the other imaging experiment (the stereo pan-
oramic camera) onboard Beagle 2. Wavelet compressors
resolve the image into a series of coefficients which are
related to spatial frequencies. The more detail one wishes
to see in an image, the more coefficients one has to
return. For the microscope this scheme is extremely
effective. The reason is because an out of focus image
does not require many coefficients. It is smooth. There-
fore, unfocussed frames compress extremely well with
ratios in excess of 40:1 often achievable with almost no
loss. Hence, one possibility is to transmit all 60 frames
compressed according to a quality criterion.

The second approach is to analyse the data onboard.
Here we acquire all 60 frames but investigate the entropy
at each position in each image to determine which image
has the best focus for that position. We then downlink a
completely focussed composite image.

In both cases, an important result from the analysis
is that the image in which focus has been achieved for a
position allows us to define unambigiously its depth.
Hence, not merely does the microscope gives us a 2-D
picture of the surface, it also gives us a depth map
allowing complete 3-D reconstruction of the surface.

Summary: The microscope for Beagle 2 is a highly
compacted (160 g) device which will provide 6 micron
resolution images of surface material in Isidis Planitia.
The elegant design of the system makes it ideal for
future landed missions where microscopic imaging
might be required. Adaption of the system to support
other experiments (e.g. Raman spectrometer or laser
mass spectrometer) should be relatively straightforward.

This abstract is a summary of a more detailed instru-
ment paper submitted to Planetary and Space Science.
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THE SOUTH POLAR RESIDUAL CAP OF MARS: LANDFORMS AND STRATIGRAPHY. P. C. Thomas1 
1Center for Radiophysics and Space Research, Cornell University, Ithaca NY, 14853.  

The south polar residual cap (sprc) of Mars is morphologi-
cally distinct from that in the north, and is largely composi-
tionally distinct as well, apparently dominated by CO2 
rather than the H20 present in the northern residual cap.  
This work addresses questions of the history and signifi-
cance of these distinctive deposits by mapping the many 
forms using MOC images and MOLA data. 
Depositional units:  There are two primary sets of deposi-
tional units in the sprc: 1) An older unit, approximately 11 
m in thickness with four included layers, widely distributed 
over the sprc, and expressed as mesas or broad surfaces cut 
by a variety of circular to linear depressions, and com-
monly having polygonal troughs (Fig. 1a). 
2) One or more younger units, approximately 2 m thick, 
that have superposed and filled depressions formed in the 
older unit, and also formed in local discrete deposits.  This 
unit also has a wide variety of depression types (Fig. 1b, c) 
Both of these sets of units occur on the flatter topography 
of the polar deposits (slopes under 2°), and terminate in 
troughs at elevations only a few m lower than where the 
layers are fully developed.  Both units show scarp retreat of 
up to a few m over one Martian year [1]. 
Erosion and other modification forms:  The sprc topog-
raphy has unique erosional topography [2,3].  There are a 
great variety of these forms, many are seen to merge into 
other forms.  While the large circular depressions have 
received the most attention, these are not even the “typical” 
form.  We have mapped the following forms: generic de-
pressions, large circular depressions, parallel sets of linear 
depressions (fingerprint terrain), other linear depressions, 
moats, and curled depressions, among others 
Fingerprint depressions define a few coherent patterns, and 
are not simply oriented with one side toward the pole; their 
consistent trends suggest underlying structural control; 
their shapes show common upper surface fracture control 
(Fig. 1e).   They occur in a restricted area of the sprc (Fig. 
2a). 
The curl depressions (Fig. 1d,f) are oriented with openings 
dominantly within 60° of north (Fig. 2d).  The surface in-
denting the curl commonly is in a ramp form (Fig. 1f), 
rather than a pedestal. 
Moat-like depressions occur within some nearly circular 
forms as well as bounding a variety of mesas and other 
remnant topography.  Moats within other depressions show 
two distinct widths: ~20 m and ~70 m.  The latter is indis-
tinguishable from moat widths around mesas and other 
remnants (Fig. 2c). 
Development of the depressions and deposits:  Changes 
between 1999 and 2001 indicate some backwasting of the 
forms of order 1-4 m/ Mars year [1], with a few instances 
over 5 m.  Initiation of the forms, and enlargment of many, 
however, involve mechanisms other than backwasting of 
steep scarps.  Disruption of the older upper surface occurs 
at least in part by sag and collapse; development sequences 
of curled depressions can be found, and examples of en-
largement almost entirely by collapse are also found (Fig. 
1d,i).  The sag and collapse features may explain the de-

velopment of “escher” terrain, whereby an upper surface 
appears contiguous between different cycles of erosion 
(Fig. 1j). 
Thin layers preferentially develop pits and other depres-
sions over underlying topography, and on some upper con-
vex slopes (Fig. 1b).  These pits, “peels”, and moats indi-
cate modification of overlying deposits by exposure of 
relief or a critical layer thickness.  There are examples of 
inverted relief, wherein the older, thick deposits have col-
lapsed after deposition of thin deposits within the large 
depressions . 
Non-uniform deposition is also found in some tongues of 
material several m in depth and a few hundred m long in 
restricted areas of the sprc.  These appear to be part of the 
later deposits. 
Pattered ground:  Slopes from remnants of the thick, older 
unit commonly show surfaces with brick or cobblestone 
appearance, sometimes giving a false impression of large 
numbers of layers exposed in the mesas (1a).  Material 
underlying the sprc in some troughs displays a slightly 
different patterned appearance. 
Interpretations:  Several different cycles/changes in polar 
depositional and sublimational regime are indicated: 
 1). Change from main polar layered deposits to 
deposition of the 11 m set of layers: H20 rich deposits to 
CO2 rich ones. 
 2) Cycles producing layering within the 11 m 
stack, about 4 cycles.  Some differences in physical charac-
teristics/ composition. 
 3) Significant erosion of the deposits in the form 
of merging depressions and sag and collapse modification. 
 4) Before or during the subsequent steps, devel-
opment of polygonal troughs in much of the surface of the 
thick deposit. 
 5) Deposition of one or two, ~ 2 m layers in the 
erosional topography of the thick deposits. 
 6) Renewed sublimation of both deposits.  In-
cluded in this step is the scattered development of inverted 
relief.  This activity may continue at present. 
The primary interpretive difficulty is the similarity and 
merging of deposits formed by sag and collapse of the 
thick units, and thinner, younger layers (step 5 above).  
Both units are clearly present; however, which is present at 
a particular site is sometimes unclear. 
The evident variety of layer types, thicknesses, and cycles 
of deposition and erosion (including inverted relief) show 
there are several combinations of composition and/or tex-
ture within these deposits.  More than one type of climate 
cycle is required to form these features’ current appear-
ance. 
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Figure 1a. Surface of thicker sprc unit, with polygonal troughs and darker patterned materials flanking slopes of 3-4 layers.  
Moat to the right. b). Erosion of thinner layers in places follows underlying topography, here part of a curving ridge in the lower 
left. Sun from lower right. c. Thinner unit eroded in moat from underlying topography. d. Depressions with fracture boundaries 
showing development sequence toward a curl depression.  e. Fingerprint trough.  f. Curl trough, showing interior ramp. g. Con-
fined moats.  h. Moat, showing textured lower surface, probably the main polar layered deposits.  i.  Linear depression and sag.  
j.  “Escher” terrain with uncertain relation of upper and lower surfaces, probably generated in part by sag and collapse as in Fig. 
1 i. 
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Figure 2.  Some characteristics of the south polar residual cap erosional forms. a) Location of fingerprint terrain. b) Locations of 
upper surface of thick unit (circles), and most kinds of moats (small dots).  Both forms are widespread over the sprc.  Locations 
of changes measured in excess of 3 m in one Mars year shown by x’s (Measured change is 6 m or more across walls or depres-
sions; single distance is 3 m or more.)  c) Widths of some depression types.  Note the similarity of open and confined moats and 
linear depressions; slight distinction of the fingerprint depressions.  d) Orientation, clockwise from north, of the curl depressions.  
The orientation would be to the left in Fig. 1f. 
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CARBONATES ON MARS:  PROBABLE OCCURRENCES, SPECTRAL SIGNATURES, AND
EXPLORATION STRATEGIES.  B. J. Thomson and P. H. Schultz, 1Brown University, Department of Geologi-
cal Sciences, Box 1846, Providence, RI 02912 (Bradley_Thomson@brown.edu).

Synopsis:  Carbonates and other aqueous alteration
products occur in the SNC meteorites [1,2], and spec-
tral observations suggest that carbonate is present in
Martian dust as a minor constituent [e.g., 3-7]. Analy-
sis of analogous terrestrial dust deposits (loess) in Ar-
gentina, which also contain a significant carbonate
component, has revealed that post-depositional modifi-
cation of the loess can result in the reprecipitation of
carbonate as concretions and as discrete layers of cal-
crete. These Argentine deposits give us a roadmap for
locating the most accessible carbonate deposits on
Mars.

Introduction and background:  The presence of
carbonates on Mars has long been surmised as a sink
for CO2 on the basis theoretical models of the evolu-
tion of the Martian atmosphere [8,9].  The character,
abundance, and distribution of carbonates are impor-
tant parameters for assessing the paleoclimate and
volatile evolution of Mars.

Carbonates have been tentatively identified with
spatially coarse telescopic spectral studies [e.g., 2-6].
With higher spatial resolution data of TES, regional
outcrops (>10km2) of moderately-grained carbonate-
rich material were not detected, despite a thorough
search [8].  However, recent analyses of the carbonate
absorption feature near ~7µm in TES data has identi-
fied fine-grained carbonates at the ~2-3wt% level in
Martian dust [7].

The dust appears to have been globally homoge-
nized and is decoupled from the underlying surface.
The distributed carbonate component in the dust is
likely derived from the weathering of more concen-
trated sources.  A lack of regional carbonate-rich out-
crops may indicate that primary carbonate deposits are
either mantled or deeply buried.

Additional information about the ultimate fate of
carbonates is provided by the SNC meteorites, of
which all subgroups contain traces of water-deposited
minerals [1].  The formation ages of these secondary
mineral assemblages tell us about the timing of fluid
flux through the upper crust of Mars.  Radiometric
ages of the carbonates range from ~4 Ga to ~0.7 Ga in
ALH84001 and Nakhla, respectively [9,10]. Coupled
with the lack of extensive alteration of the silicate
phases, this indicates that the responsible fluids did not
spend a long time in contact with these rocks but were
intermittently active over the bulk of Martian history.
The upper crust of Mars may have experienced epi-

sodic “wetting events” that leached and reprecipitated
carbonates in the subsurface.

Carbonates in loess.  We propose that the post-
depositional evolution of carbonates in Martian dust
may be similar to the evolution of carbonates in Ar-
gentine loess deposits.  Carbonates are present in two
forms in the loess: they are found as fine-grained dis-
tributed components and are also concentrated into
concretions or calcrete layers (Figure 1).  The carbon-
ate fraction of typical Argentine loess varies between
about 2-4% [11].

Accumulations of carbonate, locally known as
toscas, are widely distributed throughout Argentine
loess sequences [12].  Formed through the downward
leaching and reprecipitation of soluble components
into lower soil horizons, these illuvial calcretes de-
velop in situ and may cement and/or replace the host
material.  The calcrete morphology can be highly vari-
able depending on the degree of development and local
structural control.  Observed forms include concretions
or nodules, reticular and string-like patterns, and layers
or hardpans (see Figures 1,2) [12].  These carbonates
can generally be classified as pedogenic calcretes [13],
although some sections may contain additional carbon-
ates derived from laterally moving groundwater (which
is not strictly a pedogenic process).  The salient point
is that carbonates are a mobile component in the sub-
surface that commonly form local concentrations of
calcrete.

Spectral detection of carbonates:  The planer
carboxyl (CO3

2-) ion has six fundamental vibrational
modes, of which two are degenerate and one is infrared
inactive [e.g., 14,15].  The exact shape and position of
vibrational absorption bands varies with the cation
species: e.g., calcite (Ca), dolomite (Ca,Mg), magne-
site (Mg), and siderite (Fe).  The strongest infrared
absorption features in calcite occur at 7.0 µm (asym-
metric stretch), 11.4 µm (out-of-plane bend), and 14.0
µm (in-plane band) [15].  Additional combination and
overtone features are present in the near infrared.

Detecting carbonate absorption features in field ex-
posures of carbonates can be difficult due to the loss of
spectral contrast from surface roughness at a variety of
scales [16].  This includes roughness at the outcrop
scale between individual boulders and cobbles, rough
surface textures on exposed blocks, and microscopic
roughness [17].  We are in the process of documenting
the spectral signature of calcrete layers exposed in
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section in loess deposits in the visible, near-infrared,
and thermal infrared regions to assess the detectability
of these deposits with rover-mounted instrumentation.

Exploration strategies:   The most readily accessi-
ble concentrations of carbonates on Mars are likely
reprecipitated calcrete layers within dust deposits.  The
potential for entombment and preservation of organic
material in chemical precipitates makes these layers a
high-priority target for exobiology [18].  Depending on
the degree of cementation, these calcretes may form
resistant hardpans that are exposed through differential
erosion.  However, due to mantling by continued dust
deposition, exposed calcrete horizons may be difficult
to spectrally detect.  In addition, terrestrial calcrete
hardpans are known to weather to boulders, cobbles,
and smaller fragments [19] that will increase macro-
scopic roughness and reduce spectral contrast, thus
further complicating spectral detection.

Perhaps a more likely locale where an unambigu-
ous spectral signal may be obtained is in high slope
areas where the subsurface profile is exposed (i.e.
cliffs, mesa edges, channel walls).  Calcrete layers tend
to form steeply inclined surfaces in vertical exposures
due to their high mechanical strength and thus may be
relatively dust-free and clear of fragmental material.
They may be more readily identifiable with visi-
ble/near-infrared imaging Pancam and thermal infrared
spectrometer Mini-TES on the 2003 Mars Exploration
Rovers than from orbital imaging/spectral platforms.

Another potential target of interest for sample-
return missions is impact glasses derived from carbon-
ate-bearing lithologies.  Chemical systematics in im-
pact glasses of various ages could provide a record of
the isotopic evolution of the Martian atmosphere [20].
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Figure 1.   Sea-cliff exposure of loess in Argentina showing
single well-developed calcrete layer.

Figure 2.  Exposure of loess sequence in Argentina showing
more complex morphology of calcrete deposits.
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GREAT MARTIAN DUST STORM PRECURSOR?. J. E. Tillman, Department of Atmospheric Sciences, University of Wash-
ington, Seattle, WA, USA (mars@atmos.washington.edu).

Reviews of rejected proposals for analyses of Viking lan-
der meteorology data sometimes have stated that nothing sig-
nificant remains to be learned: it is proposed that lander tem-
perature differences between the first and second year prior to
the dust storm season, may be related to or even be used as a
predictor of whether or not great dust storms form later in the
year. The Viking lander mission demonstrated conclusively
that some years have great dust storms while others do not,
contrary to conventional wisdom prior to the Viking results
which suggested that they occurred every year. The first year
had two, beginning at about L s 210 (1977 A) and 310 (1977
B), the second and third had none, while the fourth year had
one that was initiated about L s 200 (1982).

Atmospheric temperature data were processed and aver-
aged into 25 segments/sol, i.e., roughly hourly averages for
almost all of the Lander 2 but far less than half of the Lander
1 mission. (The Lander 1 data were only partially processed
due to problems with the wind determination.) From these, the
minimum, sol average and maximum temperatures were de-
termined for each sol. Lander 2 temperatures between roughly
L s 117 and 177, prior to the beginning of the great dust storm
season, show that the minimum and daily average tempera-
tures were essentially identical for the first year, with, and the
second year, without, great dust storms, while the maximum
temperature for the first year was consistently lower on a sol
by sol basis by 3 to 9 degrees Celsius. This implies that the
first year was dustier than the second and poses the question
“Do these temperature differences truly indicate optical depth
changes, and thereby atmospheric heating changes, and if so
are these responsible for the presence or absence of great dust
storms later in a given year?” Alternatively, are they artifacts
or not significantly material to the circulation later in the year.
The Lander 2 evidence for this possible dust storm precursor

condition will be presented.

Unprocessed Lander 1 data exist that can support or refute
this hypothesis for most of this same season during years 1 and
2, a small portion of year 3, and for the first part of year 4 prior
to its great dust storm. Lander 1 data have been processed
for this season only in year 1, due to problems with the wind
sensors that do not directly affect the temperature observations.
(These wind sensor partial failures occurred in the first year, the
first at L s 117 and the second at L s 303.) These unprocessed
Lander 1 temperature data should be processed and analyzed
to support, refute or modify this hypothesis and be compared
with other data related to optical depth such as the second
harmonic of the daily pressure variation which is a very good
optical depth proxy. If these additional data are consistent
with this hypothesis, then they must be modeled to see if such
temperature observations are great dust storm precursors and
thereby can be used to forecast great dust storms later in the
same year. This potential illustrates why it is essential to
reinstate climate observations as soon as possible, beginning
at the Viking sites, and to make them permanent.

The Viking data are the only climate data for the surface
of Mars and will remain so for the foreseeable future. It is now
possible to far better process and analyze the Lander 1 wind
data due to the dramatic improvement of computer resources
since these efforts were terminated. Processing is still possible
since all of the software, documentation and data have been
maintained, without support, during the past decade and illus-
trations of the additions to this surface meteorology climate
record will be presented. It is essential that an international
program be immediately initiated to understand, replicate, fur-
ther process, and improve the Viking Lander meteorology cli-
mate record, the only one for Mars, before this opportunity is
permanently lost.
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Introduction:  The seasonal polar caps are a major 
element of Mars' climate and global atmospheric circu-
lation. Theoretical calculations [1,2] and surface pres-
sure measurements [3] indicate that about ¼ of the 
CO2 in the atmosphere condenses each year to form 
the seasonal caps.  Changes in the polar cap albedo or 
emissivity modify the polar cap energy budget and the 
amount of CO2 condensation, consequently affecting 
the global martian climate.  

Variations in both albedo and emissivity have been 
observed by several spacecraft.  In the 1970s, space-
craft observations of the polar regions of Mars re-
vealed polar brightness temperatures that were signifi-
cantly below the expected kinetic temperatures (140 - 
148 K) for CO2 in sublimation equilibrium with the 
martian atmosphere[4]. The observational footprints 
were typically a few hundred kilometers in diameter, 
with 20 µm brightness temperatures (T20) as low as 
130 K and had characteristic durations of a few days 
[4]. For historical reasons, we will refer to these re-
gions as cold spots even though more recent observa-
tions [5, 6, 7] support their kinetic temperatures being 
the same as the rest of the polar cap.  A general lack of 
correlation between cold spots and Mars Global Sur-
veyor (MGS) Mars Orbiter Laser Altimeter (MOLA) 
measurements of clouds and Thermal Emission Spec-
trometer (TES) spectra suggest that most of the cold 
spots are surface regions of low emissivity. Occasion-
ally, there are correlations to extremely dense polar 
night clouds and the “coldest” of the cold spots, sug-
gesting a few of these cold spots may be  “dry ice bliz-
zards” in progress [6]. 

The MGS TES observations, combined with spec-
tral modeling [5,7] using new CO2 optical constants 
[8], illustrate that the “cold spots” are due to fine-grain 
CO2, which cause a decrease in the 25 µm emissivity.  
Spectral models predict that fine-grain CO2 (hereafter 
referred to as snow, regardless of the formation proc-
ess) has high albedo and low emissivity in the 25-µm-
transparency band.  Coarse-grained CO2 (hereafter 
referred to as ice) has low albedo (perhaps even trans-
parent if the dust content is low) and near unit emissiv-
ity.  Increasing the dust content in the CO2 results in a 
large decrease in albedo, but only a slight increase in 
emissivity.   TES observations have shown these ef-
fects [9] for the southern springtime season cap, sug-
gesting that the bright outliers (e.g. the Mountains of 
Mitchel) are snow covered, while other areas (e.g. the 
cryptic region) are mainly composed of ice. 

 
The purpose of this paper is to present results from 

the MGS TES continuing mission, showing the distri-
bution of CO2 snow and ice in space and time.  The 
dense coverage of the Mars polar regions by MGS 
TES has provided the ability to monitor the seasonal 
variations of condensates. Because TES has three sub-
systems, we can monitor the distribution of solid CO2 
in two ways: (1) monitoring the spectral differentiation 
between snow and ice and (2) the estimation of local 
CO2 mass accumulation.  

The TES solar bolometer, combined with syntheti-
cally derived brightness temperatures, can differentiate 
between snow and ice  [9].   The difference between 
the estimated surface kinetic temperature, T18, and the 
brightness temperature in the CO2 25 µm transparency 
band, T25, effectively measures the emissivity at 25 
µm and is taken as an indicator of the grain size of 
CO2 frost [5,6,9]. We will use the same convention as 
Titus el al. [6] where ice is defined as ∆T = T18-T25 < 
5 K. This measure can be influenced by the presence 
of atmospheric dust, however that effect has not yet 
been quantified.   

The TES directly measures the total reflected and 
emitted radiation, which in turn allow for the meas-
urement of the geographic variation of the net radia-
tion balance and, through integration of the inferred 
sublimation rates, the annual solid CO2 budget.  We 
use the sublimation budget instead of the condensation 
budget to minimize the impact of lateral transport of 
heat during the polar night [5, 10] 

Data:  The MGS spacecraft orbit has an inclination 
of 93°, ascending (going north) on the night-side and 
going south (descending) on the dayside with a 14-
hour Mars local time (H) equator crossing. For sim-
plicity, we will refer to TES observations acquired on 
the ascending leg as AM and those acquired on the 
descending leg as PM.  In normal mapping nadir-
oriented mode, TES sweeps a 9 km wide swath along 
the sub-spacecraft track, which is almost parallel to 
meridians except near the pole. In this observation 
mode, the times between repeat coverage is highly 
dependent on latitude, ranging from only a few hours 
along the “polar rings” at ± 87° latitude to several days 
at ± 60º latitude.  This allows detailed analysis of spa-
tial and temporal changes near the polar caps.  How-
ever, at more equatorial latitudes seasonal analysis of 
specific locations is restricted due to the lengthy repeat 
time, approaching hundreds of days near the equator. 
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The TES data used were binned spatially into a po-
lar stereographic projection with a mean resolution of 
60 km per cell.  Temporal binning was done on a base 
of 12 orbits (approx 23.55 hours).  Missing data in the 
latitude/season cells were filled by linear interpolation 
in time.   

 
Figure 1: North polar grain-size index, ∆T, at Ls = 
342º. All polar figures have the same scale where 
the outer limits are at 45º latitude.  The white plus 
in the center of the image is pole.  Areas off the po-
lar cap are white. 

Snow and Ice Distribution:  
North Polar Distribution.  The winter (or conden-

sation phase) cap is generally characterized by the ob-
served 25 µm brightness temperatures (T25) near the 
expected surface temperatures for solid CO2, suggest-
ing that direct surface condensation as slab ice occurs.  
Kieffer and Titus [5] and Titus et al. [6] show that cold 
spot observations, strong indicators of snow, are re-
stricted to the perennial cap and other localized topog-
raphical features, e.g. craters.  We conducted a space-
time analysis; our latest analysis is consistent with 
these prior results.  The perennial cap has a high fre-
quency of cold spot occurrence from approximately at 
Ls = 200º to approximately at Ls = 350˚.   

The springtime (or sublimation phase) cap is gen-
erally characterized by low ∆T, suggesting slab ice.  
However, by Ls = 45º a bright ring has formed just 
inside the receding cap edge. [Fig. 2]  This bright ring 
is not visible in the ∆T image, suggesting that the 
brightening is not due to CO2 grain size effects.  One 
plausible source of this bright receding ring is that 
water released from the season cap edge is redeposited 
as frost inside the cap [11]. 

During this same period of time, the perennial cap 
also appears bright without a corresponding increase in 
∆T. 

 
Figure 2: North polar cap albedo and grain-size 
index at Ls=38º.  There is a lack of correlation be-
tween these two parameters, suggesting that the 
brightening of the cap is due to water frost, not 
fracturing of CO2.   

South Polar distribution:  Cold spot activity in the 
southern winter starts approximately Ls=16º.  The 
Mountains of Mitchel is one of the most active re-
gions.  Cold spot activity continues until approxi-
mately Ls= 150º.  After the sun has risen above the 
horizon, the cap begins to brighten, with the areas 
closest to the edge brightening first.  A similar effect is 
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seen in ∆T, suggesting that the albedo brightening is 
due to an effective grain-size of the surface CO2 grain-
size.  Paige [12] explained this phenomenon as the 
fracturing of the surface ice due to insolation.  TES 
observations are consistent with this explanation. 

In many cases, the brightest springtime regions 
were areas of greatest winter cold spot activity.  Per-
haps wintertime accumulation of snow increases the 
likelihood that fracturing occurs in the spring.  

 
 

 

 
Figure 3: South polar cap grain-size index at 
Ls=86º.  The Mountains of Mitchel is one of the 
areas with high ∆T, suggesting the presence of 
snow.  

 

 
Figure 4:  South polar albedo and grain-size index 
at Ls=217º.  Bright albedo areas generally have 
high ∆T, while areas with low albedo tend to have 
low ∆T. 
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Figure 5: Albedo vs. CO2 grain-size index. The data 
were restricted to springtime data with  surface 
temperature less than 160 K.  The red dots are for 
the south polar cap and the blue dots are for the 
northern polar cap. 

 
Figure 6: North polar seasonal cap depth estimates.  
The black pluses are seasonal cap depths estimated 
from TES mass-balance calculations, assuming a 
CO2 density of 1606 km/m3.  The red line is an es-
timate from MOLA. 

CO2 Mass Budget:  The underlying assumptions 
in the TES mass balance calculations are that the total 
energy input into Mars is characterized by the solar 
bolometer and that the total energy out of the Mars 
system is characterized by the thermal bolometer.  The 
energy difference between the input and output is as-
sumed to be due to the sublimation or condensation of 
CO2.  This implies that there is no geothermal heating 
or lateral transport of heat through the atmosphere.  
While initial estimates suggest that geothermal heating 
is negligible, a comparison of condensation and subli-
mation mass budgets suggest that a large amount of 
heat transport does occur during the polar night [5,10].  
However, comparisons of the sublimation budget to 
other observations [13] suggest that this technique is a 

good estimate of actual amount of CO2 in the spring-
time seasonal caps.  For a detailed description of how 
the mass balance calculation is done, see Kieffer et al. 
[5]  Figure 6 shows the estimated depth of seasonal 
CO2 if one assumes a pure substance (ρ = 1606 
km/m3) compared to the seasonal depth estimated by 
MOLA [13].  If one assumes that the MOLA estimates 
are correct, we estimate the density of ice (latitudes 
south of 80ºN) as 1107±150 kg/m3  and the density of 
snow/ice mixture (latitudes north of 80ºN)  as 979±133 
kg/m3. The south polar MOLA depth estimates are not 
presented here because of possible systematic errors in 
the their depth estimates. When comparing MOLA and 
TES estimates, this offset must be  ~20 cm to bring 
southern density estimates into agreement with the 
density for northern ice. A 20 cm offset is consistent 
with possible systematic errors for the southern data 
[14].  While these density estimates  are preliminary, 
they are consistent with TES spectral observations of 
snow and ice distributions. 

Conclusions:   
• The predominate form of CO2 condensation 

is direct surface condensation as slab ice.   
• Regions with a high frequency of snow depo-

sition during the winter generally have 
brighter than average albedo in the spring, 
e.g. the Mountains of Mitchel. 

• Springtime brightening of the south polar cap 
is predominately a change in grain size of the 
CO2.  This is not the case for receding north-
ern cap.  Albedo variations are most likely 
dominated by the presence of water frost. 

• An estimate of martian northern CO2 ice and 
snow/ice mixture densities based on combin-
ing TES mass balance calculations and 
MOLA seasonal elevation changes are 
1107±150 kg/m3 and  979±133 kg/m3, re-
spectively. 
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Introduction: In [1], surface roughness and curva-

ture obtained from high resolution MOLA data are 
used to characterize a sedimentary mantle at high Mar-
tian latitudes , (poleward of ~40º-60º).  The equatorward 
boundary of the mantle correlates with the locations of 
dissected terrain identified in MOC images [2].  The 
dissected terrain in [2] is thought to be degraded water 
cemented soil, and the mantle discussed in [1] is in-
ferred to be water ice rich. This conclusion is given 
further support in [3], where a positive correlation of 
the results in [1] and [2] is made with Odyssey neutron 
sensing of high hydrogen content in the near surface 
soil at high southern latitudes. The Odyssey data are 
measured by the neutron spectrometer (NS) component 
of the gamma ray spectrometer (GRS). 

In this study, the margins between the water ice rich 
mantle and the relatively dry equatorial region are stud-
ied for the northern and southern hemispheres using 
the Odyssey NS data and the MOLA rough-
ness/curvature data. The position and extent in latitude 
of the margin is estimated via simulations of the NS 
data and the results are compared with average MOLA 
topography statistics . Preliminary results for two bands 
of longitude (120º-150º W and E) in the southern hemi-
sphere are reported here. 

Results: The following figure shows a map of the 
epithermal (0.4 eV < E < 700 keV) NS counting rate 
measured over the south circumpolar region during 
southern summer, as in [3]. Recall that low epithermal 
neutron count rate (blue region) corresponds to high 
hydrogen content of the near surface soil. See [4] for a 
complete overview of NS hydrogen estimates both at 
the poles and in the equatorial region. The black curve 
is the nadir position of Odyssey when the epithermal 
counting rate falls to ½ the maximum measured before 
encountering the water ice rich region. The margin re-
gion studied here is the transition region near the black 
curve that delineates the water rich circumpolar mantle 
from the relatively dry equatorial region.  

 
The following figure is a map of MOLA -derived 0.6 

km curvature, calculated as in [1]. Mapped is the ratio 
of the median curvature to the interquartile width of the 
curvature-frequency distribution. The water ice rich 
mantle exhibits a prevalence of concave (> 128) as op-
posed to convex (< 128) curvature. As established in 
[3], the equatorward boundary of the ice mantle is in 
qualitative agreement with the NS boundary shown 
above, although the boundary obtained from the curva-
ture often lay equatorward of the NS boundary. 

 
The figure below illustrates the gradient in epi-

thermal neutron counting rate with latitude 
(counts/s/deg). Where the gradient is large and local-
ized in latitude the margin is sharp whereas an extended 
margin has a relatively smaller gradient distributed over 
an extended range of latitude. The top frame corre-
sponds to northbound Odyssey orbit segments, the 
bottom southbound, although this distinction will not 
be used in our preliminary analysis. Here we concen-
trate on the two longitudinal segments, -120º to -150º 
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(west) and 120º to 150º (east). These regions have rela-
tively small altitude variations, thereby simplifying the 
analysis of the NS data, as opposed to regions near  
the Hellas or Arygre basins. For both orbit directions, 
the gradient illustrates that for the west slice the margin 
between the water ice and dry soil is relatively sharp, 
while that in the east extends over a larger range in lati-
tude.  

 
 
This point is illustrated further in the following two 

figures. Shown are averages of the NS count data over 
30 degree longitude bins. The first is for the segment 
120º - 150º E, the second 120º -150º W. The average NS 
epithermal counts in 19.6s are shown (data points), as 
are fits to the data (solid curves). The data is fit to the 
equation A*tanh ((latitude-B)/C) + D, with B a measure 
of the center of the margin and 2*C the characteristic 
width of the margin. For the east slice, B = 54ºS and C = 
10.31º. For the west B = 59.13ºS and C = 7.0º, supporting 
the conclusion that the margin for the east slice is ex-
tended and the west slice sharp. 

  

 
This observation is quantified by simulating the 

NS data for various models of the margin, using the 
simulation model described elsewhere [3], [5]. The sim-
plest model assumes that the margin region is a uniform 
mix of the circumpolar water ice and dry equatorial soil. 
This yields the results shown in the following figure, 
where the estimated margin position is overlaid on 
MOLA topography. We perform this analysis at all 
longitudes, neglecting corrections to the NS counting 
data due to topography within the basins. The ice/dry 
margin region is between the black curves, and at lati-
tudes where the curves coincide the NS data is consis-
tent with a step discontinuity from water ice to dry soil. 
Due to the extent of the detector footprint (~10 deg 
FWHM) about the Odyssey nadir, the simulation model 
suggests that the detector can not distinguish between 
margins < ~7º in latitude. Note in this figure that the 
conclusions obtained from the gradient in NS counts 
and the fits to the counts with latitude are substanti-
ated, namely that the margin is extended over the 120º-
150º E slice and sharp over the 120º-150º W slice.  
 

 
 
 

A more accurate model for the water ice margin 
than the 50/50 mixture of water ice and dry soil is one 

Sixth International Conference on Mars (2003) 3181.pdf



where the depth of the water ice below the surface de-
creases within the margin with decreasing distance 
from the pole. This is motivated by simulations yielding 
the depth to ice stability, e.g. [6]. We have performed a 
series of NS system simulations for margins with vari-
able width in latitude; the source model in the simula-
tion has three surface components, the water ice rich 
circumpolar mantle under a thin layer of dry dust, the 
margin with linearly varying ice depth that decreases in 
the poleward direction, and the dry soil equatorial re-
gion. The simulation results for the NS counting rate 
variation with latitude are fit to tanh functions, as 
above. 

The following two figures illustrate the comparison 
of the NS data, the MOLA 0.6 km baseline curvature 
data, and the NS simulation results for both the 120º - 
150º W (top) and E (bottom) slices. The red curve is the 
normalized NS epithermal neutron counting rate and the 
blue curve is the bin-averaged and normalized MOLA 
0.6 km curvature. The vertical dashed lines are results 
of the simulations, with the black dashed line the center 
of the margin (“B”) and the green dashed lines at B ± C 
degrees.  

First note that, especially in the case of the sharp 
120º-150º W slice at the top, the MOLA -derived curva-
ture data shows the transition to the concave mantled 
topography almost exactly where the NS epithermal 
counts begin a sharp decrease. Although the details 
will be strengthened by further study for all longitudes 
and for the northern hemisphere margin, it appears that 
the MOLA curvature shows the concave ice mantle 
signature well into the NS sensed margin. Note that the 
margin center from the NS data is at ~59º S for the west 
slice and further that the uncertainty in this location is 
at most 1 or 2 degrees. Note that in the case of the west 
slice the NS can not distinguish between a step discon-
tinuity and the extended margin between the green 
dashed lines. In the case of the east slice, again the NS 
counts begin to decrease almost exactly where the con-
cave topography becomes more prevalent. However, 
the situation is more complicated both within and equa-
torward of the margin. Inspection of the margin sug-
gests that the signature of concave/convex curvature 
may be quantitatively related to the mixture of ice and 
dry soil regions within the NS footprint. However, both 
the mantling process and the underlying geology influ-
ence the curvature. 
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Introduction: The soil-like material mantling the 

Martian surface is geologically and chemically com-
plex and holds information of past and present climatic 
conditions on Mars. Present knowledge of this surface 
material suggests that low-temperature, aqueous altera-
tion may have been a major factor in forming the mate-
rial that has been sampled thus far by the Viking and 
Pathfinder landers. The term aqueous alteration used 
here, encompasses a wide range of processes and in-
cludes both dynamic and stagnant water-rock and gas-
rock alteration mechanisms. Much effort has gone into 
characterizing this material, and several models, based 
on a wide range of evidence, have given rise to many 
processes and resultant mineral/mineraloid phases that 
may be (or have been) of importance on the surface of 
Mars.  

In terms of low-temperature aqueous alteration, the 
primary material being altered, that of the Martian ba-
saltic crust, is somewhat constrained but the aqueous 
processes are not. The secondary alteration phases 
resulting from such processes have most likely been 
subject to sedimentary and physical mixing processes 
and as a consequence are well homogenized, some-
what obscuring their chemical signatures. Therefore, it 
is indeed a complicated and difficult problem to ad-
dress the role that low-temperature aqueous alteration 
may have played in the formation of the Martian soil.  

One way to approach such a problem is to do so 
experimentally. Experimental results from aqueous 
alteration experiments can highlight the most impor-
tant chemical processes in a given system and the rele-
vance of the laboratory system to a potential model can 
be assessed. Some workers have taken advantage of 
terrestrial systems, which have been used as templates 
for alteration on Mars. However, new constraints on 
Martian surficial processes can be made by testing 
these models experimentally by taking advantage of 
the present knowledge of the primary Martian basaltic 
crust.  

A major conclusion of this work is how, among 
several other factors, aqueous alteration is highly de-
pendent on primary starting material. In this paper, 
recent results of alteration experiments with synthetic 
basaltic material will be evaluated and their relevance 
to the Martian surface will be discussed. 

Low Temperature Aqueous Alteration on Mars: 
Several approaches to low temperature aqueous altera-
tion on Mars have been taken to understand the origin 

of the surface material as well as past climatic condi-
tions on that planet. 

The first of the major models for low temperature 
aqueous alteration on Mars includes palagonitization, 
which was first suggested by Gooding and Keil in 
1978 [1]. The term palagonitization generally refers to 
the formation of palagonite, a hydrated, amorphous 
and isotropic alteration product of mafic glass [2]. The 
exact nature of palagonite, both chemically and miner-
alogically, is poorly defined and can contain a wide 
range of secondary, poorly crystalline minerals, most 
of which are combinations of smectites [2]. The initial 
gel-like palagonite is metastable, and over time may 
evolve into crystalline products such as clays, zeolites, 
oxides and carbonates [2]. The precipitation of palago-
nite and its associated poorly crystalline phases is de-
pendent on many factors, which are important for 
other mechanisms of low temperature aqueous altera-
tion as well and are discussed below. Palagonitization 
has been suggested to be important on Mars due to 
both the spectral similarities of palagonite material to 
the bright regions of Martian soils and the possibility 
that basaltic glass is somewhat abundant on the surface 
of Mars. In light of these observations, numerous stud-
ies have characterized terrestrial palagonites as analogs 
to Martian soil [e.g., 3-5].  

Another major model for low temperature aqueous 
alteration on Mars is the acid fog model. This model 
involves the interaction of volcanically derived acidic 
volatiles with the Martian basaltic crust [6]. These 
volatiles may interact with primary rock in low fluid-
rock ratios, causing mineral/glass dissolution. Subse-
quent evaporation of the fluid at a far-from-
equilibrium state results in poorly crystalline alteration 
products which are composed mainly of sulfate and 
chloride salts. This model is proposed to have taken 
place in relatively recent Martian geological time (up 
to 1Ga) and its purpose is to explain the nature of the 
uppermost layer of surface material on Mars. This 
model was first experimentally tested in the laboratory 
by Banin et al. [7], who reacted Mauna Kea tephra 
with various acid mixtures and reported the precipita-
tion of Ca and Al salts detectable by XRD. Tosca et al. 
[8] have further tested this model using synthesized 
basalt and glass with Pathfinder-derived bulk composi-
tions and found that varying the starting material and 
aqueous conditions used in these experiments, signifi-
cantly varies the secondary alteration minerals formed 
in this process. Figure 1 provides an example of the 
different alteration minerals Tosca et al. formed by 
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varying the primary mineralogy of the basalt. This 
approach and the putative alteration phases formed as 
a result, illustrates the importance of several different 
factors in low temperature aqueous alteration studies 
applied to Mars and will be discussed below in greater 
depth. 

Brine interactions with the surface of Mars and 
their potential to form evaporites has been another 
suggested mechanism of alteration [9]. For example, 
the soluble salts found in nakhlites have been inter-
preted to result from evaporitic conditions on Mars 
[10]. One experimental study aimed at brine interac-
tion on Mars was conducted by Moore and Bullock 
[11], where CO2 charged water was interacted with 
SNC mineral mixtures for a period of one year. Model-
ing evaporation of the resulting fluid predicted Ca-
sulfates, Al-hydroxide and carbonates.  

Studies involving the importance of weathering on 
the surface of Mars also include a study by McSween 
and Keil [12], who evaluated chemical systematics of 
the Pathfinder and Viking soil data. The chemical 
trends produced by both palagonitization and the acid 
fog experiments performed by Banin et al. [7] were 
evaluated and it was determined that the chemical 
trend resulting from palagonitization may provide a 
suitable analogy to the Martian soils. However, 
McSween and Keil suggest that these changes are lim-
ited and that the soils contain components of different 
lithologies. Also, it has been suggested in this study 
and in others [e.g., 13] that complex sedimentary proc-

esses most likely have changed the compositions of the 
soils and that the homogeneous dust present on Mars 
may reflect the most abundant lithologies on the sur-
face. 

Other specific processes or secondary alteration 
phases, which may be important during low tempera-
ture alteration, have been suggested. For example, car-
bonate formation has been suggested to be important 
on Mars, despite little evidence for carbonates at the 
surface. The postulation of high partial pressures of 
atmospheric CO2 at one time in the past have led to the 
suggestion of carbonate reservoirs acting as a sink for 
CO2 [e.g., 14].  

Sedimentary silica is another example of poten-
tially important secondary alteration phases and has 
been suggested by McLennan [15], who notes that 
silica is highly mobile during basalt alteration and that 
secondary silica phases may have been formed and 
subsequently distributed in sediments. In light of this 
observation, McLennan suggests that this may explain 
some of the high silica features observed on Mars.  

The origin of pre-terrestrial secondary alteration 
materials present in SNC meteorites has been studied 
experimentally by Baker et al. [16] and provides an 
example of basalt alteration in experimental settings. 
In this study, CO2, S and Cl rich waters were passed 
over crushed Columbia River basalt at two different 
temperatures, 23 and 75oC. The low temperature ex-
periments formed calcite, magnesite and opal-CT. Re-
sulting fluid compositions were also modeled for equi-
librium evaporite assemblages. 

Fig. 1 – The effect of varying primary mineralogy in 
basalt alteration experiments. Pathfinder soil-derived 
basalt (PFS) from Tosca et al. (2003) [8]. Mauna Kea 
Tephra from Banin et al. (1997) [7].   

Laboratory Systems – Insights from Synthetic 
Basalt Alteration: The models discussed have several 
aqueous geochemical processes in common and it is 
important to determine what these processes are as 
well as the factors that govern them. Using synthetic 
basalts and basaltic glass of Martian composition as a 
starting point for aqueous alteration has begun to pro-
vide important information about fundamental aqueous 
processes involved with basalt alteration of such a 
chemically unique host rock. These processes and sup-
porting observations from the laboratory are discussed 
in this section. 

Similar to how a rock is defined as an aggregate of 
minerals, aqueous basalt alteration can be defined as 
an aggregate of mineral alteration processes. The con-
tributions to an aqueous system from the alteration of 
individual mineral/glass phases can vary significantly. 
Therefore, the fluid chemistry and resultant secondary 
minerals formed will be a direct result of the primary 
phases being altered. Although there are countless 
factors involved in aqueous environments, the discus-
sion here is limited to those that are common among 
the major models proposed for the Martian surface. 
These include dissolution and its effect on fluid chem-
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istry, and precipitation processes forming secondary 
alteration phases.  

Dissolution: Interaction of basalt with fluids in 
most systems results first in dissolution. Dissolution is 
a major process in low temperature alteration, because 
dissolution rates and mechanisms largely determine 
fluid chemistry. The dissolution rates and mechanisms 
of mafic minerals and glasses differ significantly from 
each other and are dependent on several processes, 
including temperature, fluid composition, fluid dynam-
ics and the structure of the material being dissolved.  
Variation of these factors has the potential to change 
dissolution rates by orders of magnitude. Laboratory 
investigations using synthetic basalt have shown that 
in low temperature static-fluid systems, the 
stoichiometry of dissolution is mainly dependent on 
acid concentration [8]. In systems with low pH values, 
dissolution proceeds stoichiometrically, releasing the 
components of the mineral/glass in to solution in the 
same proportions as the solid. As pH rises and be-
comes less aggressive but still acidic, dissolution pro-
ceeds non-stoichiometrically, where some components 
are released preferentially to others. This is the case in 
most natural waters on Earth and as a consequence, is 
a key factor in determining fluid composition.  

Non-stoichiometric dissolution is controlled sig-
nificantly by the crystal chemistry of the phase being 
dissolved. Silicate minerals dissolving non-
stoichiometrically readily release ionically bonded 
non-structural constituents. Dissolution of orthosili-
cates such as olivine liberates Fe2+, Mg2+ and H4SiO4

0 
rapidly, due to the breaking of either Mg-O bonds or 
Fe-O bonds, which can destroy the entire structure of 
the mineral [17]. Under oxic conditions where Fe2+ 
may be oxidized to Fe3+, which is insoluble, dissolu-
tion may proceed non-stoichiometrically. In frame-
work silicates such as feldspars, the K+, Na+ and Ca2+ 
ions are released initially, while the alumino-silicate 
framework is hydrolyzed and destroyed at a much 
slower rate. The destruction of the residual framework 
is also dependent on the amount of Al present, as Al-O 
bonds are broken more easily than Si-O bonds [17]. In 
pyroxenes, cations occupying the M2 sites are prefer-
entially released during this process. This can include 
Ca2+, Fe2+ and Mg2+, depending on the chemistry of 
the pyroxene. The residual structure of the pyroxene is 
then composed of M1 cations cross-linking chains of 
silicate tetrahedra. Destruction of the residual layer 
then proceeds by the breaking of M1-O bonds and Si-
O bonds.  

In basaltic glass, network-modifying cations such 
as K+, Na+, Ca2+, Mg2+, Mn2+ and Fe2+ are released 
preferentially to network-forming cations such as Si4+, 
Al3+, Ti4+ and Fe3+. Basaltic glass dissolution is de-
pendent on the Si content present in the glass. Higher 

Si content causes a higher degree of polymerization 
and therefore, decreases the rate of dissolution sub-
stantially of both network-forming and modifying 
cations. This observation is important in that if the 
Type 2 terrain on Mars contains a primary high-silica 
glass component [18], element mobility and suscepti-
bility of that primary material to chemical weathering 
would be significantly less. Laboratory observations 
have shown a decrease by a factor of 2000 in basaltic 
glass dissolution rate by increasing SiO2 content in the 
glass from 48.8 wt. % to 57.8 wt. % [19]. The non-
stoichiometric release of network modifying elements 
forms a residual leached layer, rich in structural silica 
and aluminum, which is destroyed at a much slower 
rate.  

Feldspars, pyroxenes and basaltic glass have sig-
nificantly different rates of dissolution and if this dis-
solution is non-stoichiometric, often form leached lay-
ers at the surface, rich in residual structural silica and 
aluminum, which are both relatively insoluble in acidic 
fluids. The presence of this leached layer is therefore 
common with basalt alteration and may also be a 
common process on Mars. Upon fluid evaporation, a 
process common among most models of soil formation 
on Mars, the thickest leached layers formed in our ex-
periments craze and spallate.  This may be important in 
that the leached layers may be released in to the Mar-
tian sediment and be redistributed as essentially amor-
phous silica, exposing fresh mineral and glass surfaces 
to alter. The reactivity of such a leached layer has been 
documented in that the pH of pore waters in this layer 
have a substantially higher pH than the bulk solution, 
which is conducive to precipitation of secondary 
phases inside the depleted layer [20]. Also, it may eas-
ily acquire negative surface charge and cause adsorp-
tion of aqueous constituents on to this layer [20]. Fi-
nally, the leached layer may also recombine and po-
lymerize to form small amounts of phases such as 
clays, if enough aqueous constituents are available in 
the fluid [20]. 

Controls on fluid chemistry: Using basaltic compo-
sitions relevant to Mars, we observe that primary min-
eral phases each control different aspects of fluid 
chemistry. For example, Na+, K+ and Ca2+ are ubiqui-
tous in initial fluid compositions, due to their soluble 
nature and their weaker bonding in feldspars, pyrox-
enes and basaltic glass. The chemistry of Mg in these 
fluids is more complex.  For example, forsteritic oli-
vine is observed to dissolve the quickest in synthetic 
basalt alteration experiments, releasing large amounts 
Mg2+ and H4SiO4

0 into solution. This in turn raises the 
state of saturation with respect to amorphous silica as 
well as Mg-SO4 phases, if fluids are rich in SO4

2-. 
Magnesium from pyroxenes, however, may be re-
leased but kinetically inhibited, due to its preferential 
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M1 site occupancy and stronger bonding characteris-
tics. Magnesium rich pyroxenes, such as enstatite, may 
be able to release significant amounts of Mg from the 
M2 site. This release is most likely limited to the first 
stages of alteration, in that a silica-rich depleted layer 
may soon form to retard dissolution. Therefore, in ki-
netically restricted models of alteration, olivine may be 
controlling the Mg2+ in the fluid as opposed to pyrox-
enes. Ferrous iron may also behave in this way, but 
results from synthetic basalt alteration experiments 
show that Fe2+ release from pyroxenes is much more 
significant than Mg2+ release in initial stages of altera-
tion. With large amounts of Fe2+ being released into 
solution from pyroxenes and olivine, the fate of Fe2+ in 
solution remains uncertain because Fe2+ oxidation 
mechanisms are unconstrained. There are several 
pathways by which Fe2+ could be oxidized and in our 
synthetic alteration experiments exposed to the Earth’s 
atmosphere, oxygen is the most important oxidant, 
producing secondary ferric phases as grains and coat-
ings. More studies remain to be done to determine po-
tential oxidants of Fe2+ on the Martian surface. Solid 
state iron oxidation of ferrous silicates and oxides [21] 
remains another possible mechanism for production of 
secondary ferric phases on Mars, but has been largely 
unexplored in this context. 

Precipitation: The precipitation of minerals from 
various fluids depends on several factors. Among the 
most important factors observed in our experiments are 
the saturation state of the alteration mineral and the 
structure of both the precipitating mineral as well as 
the substrate on which it precipitates. Several experi-
ments performed with synthetic basalt have shown 
large amounts of poorly crystalline alteration minerals 
precipitating on the surfaces of minerals and glasses. 
The initial phases are metastable or amorphous phases, 
which most likely have a higher rate of nucleation than 
subsequent stable phases, due to their wide-spread 
occurrence and poor crystallinity [22]. This process is 
referred to as Ostwald ripening and models such as 
palagonitization are dependent on such a process [2]. 
For example, the initial alteration phases precipitated 
during the formation of palagonite will most likely be 
metastable with respect to common alteration materials 
such as smectites observed in more advanced aging of 
palagonite. 

Conclusions: Models for formation of the Martian 
soil share common fundamental aqueous processes, 
which are dependent on several factors prevailing on 
the surface. It is important to understand what these 
processes are and how they may be important during 
low temperature aqueous alteration. Several of these 
alteration processes begin with dissolution of primary 
mineral phases and are dependent on the chemistry of 

the minerals themselves. Therefore, when testing mod-
els of low temperature aqueous alteration on Mars, 
relevant starting material is one of the most important 
factors. A wide variety of robust, analytical resources 
are also needed to characterize the chemical processes 
operating in laboratory systems, because microscopic 
observations in many cases, have global implications. 

The discussion presented here is the result of the 
first stage of a large-scale approach to understanding 
the surficial processes on Mars experimentally. Many 
questions have been raised in light of recent observa-
tions and therefore, much work is needed to place fur-
ther constraints on the origin of the Martian soil. More 
models for soil formation will be tested using even 
more starting materials, aqueous environments and 
experimental and analytical methods. The capability of 
synthesizing compositionally accurate starting material 
as well as adjusting experimental and analytical meth-
ods accordingly will result in observations aimed at a 
wide variety of microscale and macroscale processes 
that may be of importance for the surface of Mars. 
New constraints from future missions of Martian ex-
ploration will be used in our approach in further refin-
ing our understanding of the Martian surface material. 
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Summary: Beagle 2 is a 30kg lander for Mars, op-
timized for exobiology, launching in June 2003 as part
of the European Space Agency (ESA) Mars Express
mission[1]. The expected lifetime on the surface is 180
sols, with a landing site in Isidis Planitia[2]. One of the
instruments on board is a suite of sensors for monitor-
ing the local environment, and hence helping to deter-
mine if life could, or still can, exist there. The suite
consists seven sensor subsystems weighing 153 grams,
and due to the tight constraints of the Beagle 2 lander,
primarily of simple analogue sensors, distributed over
the lander. The suite has 2 major themes:

A meteorological package will record wind speed
and direction, atmospheric pressure and temperature at
a variety of heights, and look for particle saltation.

A life environment subsystem will measure the lo-
cal radiation environment, the surface UV flux, and
attempt to verify the presence of oxidants such as hy-
drogen peroxide, (without identifying the particular
species present). Additional sensors will record the
upper atmosphere density profile (determined by the
acceleration encountered during probe entry and de-
scent).

Introduction: Measurements of the local environ-
mental conditions on Mars are a valuable tool as part
of a lander’s repertoire - both as independent meas-
urements in their own right (for example meteorology),
or providing context information which adds to the
value of data from specific instruments (for example
local temperature). The Beagle 2 lander, part of the
Mars Express mission to Mars includes an array of
sensors, designated the Environmental Sensors Suite
(ESS), designed to monitor various local conditions.
The sensors are designed to answer specific science
goals, as well as providing support for the other on-
board instruments.

Instrument description: The ESA Mars Express
mission is due for launch in late May or early June
2003, arriving at Mars on 26th December 2003, initially
braking into an elliptical orbit, 250km by 11,580km
[1]. If all goes well, it will be at Mars at the same time
as the ISAS spacecraft Nozomi and the NASA Mars
Exploration Rovers, Mars Odyssey (and possibly Mars
Global Surveyor if still active). The Mars Express sci-
entific payload is described by Schmidt et al. [1]. The

Beagle 2 lander is due to land in the Isidis Basin, at
270oW and 10.5oN [2]. It has a landed mass of 30kg,
and uses an airbag and parachute system for descent,
with an intended primary mission lifetime of 180 sols
on the surface.

Onboard Beagle 2, ESS will operate throughout the
mission lifetime and is intended to study both short
(seconds, minutes, days) and long term (seasonal)
timescale variations in the local environment. It has 2
major themes:

1) Landing site meteorology, A major science
goal of the meteorology program is to improve our
understanding of the Martian dust cycle. High-
frequency measurements will be used to characterize
near-surface turbulence, and to make quantitative
measurements of dust devils (convective vortices).
These high-frequency measurements of potentially
dust-raising winds are supplemented with a sensor
which will estimate the momentum of saltated particles.
Low-frequency meteorological measurements will pro-
vide a long-term meteorological record, enabling study
of day-to-day and seasonal variation in weather pat-
terns.

2) The astrobiological implications of the local
radiation and oxidative environment. Since the major
Beagle 2 payload instrument, GAP provides a compre-
hensive analysis of the chemical locale, it was decided
to concentrate on the astrobiological factors that would
not be seen by GAP - the oxidising properties of the
near surface environment (such knowledge is also un-
likely to be recovered easily by any future sample re-
turn mission). As such ESS attempts to quantify the
existence of a local oxidising condition, oxidant pro-
duction and transport. ESS investigates the local UV
environment, to quantify a possible production mecha-
nism [3], and measures the dust saltation rates (and the
airborne dust loading via the camera) - a possible
transport (storage) mechanism. Monitoring a simple in
situ deposited silver film allows ESS to detect and
quantify the oxidising capability of the air and regolith.
One final astrobiological experiment, unrelated to oxi-
dants, is the measurement of the total radiation dose
over the mission lifetime. This characterization of the
surface environment will also aid in the issue of the
possibility of sub-surface life. Knowing the UV flux at
the surface, it is possible to quantify UV penetration
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into the regolith, especially when combined with sur-
face analysis and imaging through the various instru-
ments on Beagle 2.

Resources on the Beagle 2 lander are particularly
scarce [6]. This has driven the overall mass budget for
the seven chosen sensors of 153 grams. In some cases
this has forced a move away from solutions based on
designs with previous spaceflight heritage, in favour of
commercial microtechnology-based solutions which
are likely to have a higher associated risk of failure.
However, this is compatible with the philosophy of the
entire Beagle 2 design where cost and mass constraints
have required an acceptance of risk throughout, in-
cluding elimination of complete redundancy for mis-
sion critical systems.

Meteorology sub-system: Wind sensor This sensor
is mounted on end of the robotic arm, such that it can
be positioned at different heights and orientations. It is
a hot film sensor, similar in concept to Viking and
pathfinder instruments. It has been calibrated from 0-
30m/s, although it will measure higher and further
ground calibration remains to be done. Direction is
measured to within to 10o.

Temperature sensor Air temperature is measured at
2 heights. One sensor is incoporated intop the wind
sensor, on the arm, , and the second is located on the
edge of one of the solar panel sheets, to minimize inter-
ference from the probe body. Expected absolute accu-
racy is 0.1K, with a resolution of 0.05K. Simultaneous
measurements of temperature at two different heights
can be used to estimate a vertical thermal profile.

Pressure Sensor This sensor is profvided by the
Finnish Meteorological Institute, based on a capacitive
diaphragm design as flown on Mars-96. It has a range
of 0-30mBar, with an absolute accuracy of 200�Bar
and a resolution of 2�Bar.

Life environment sub-system: Radiation sensor
This sensor is a RadFET, and provides a cumulative
radiation dose information on the flux of high energy
cosmic rays and solar protons at the Martian surface.

UV sensor Short wavelength UV, such as UVB and
C are harmful to life, and can directly damage DNA.
The UV environment on Mars is known to be harsh,
and it is unlikely that life can survive on the surface,
but subsurface life may still be possible. This sensor is
a simple array of upward looking photodiodes with
appropriate band-pass filters, giving a 5 point spectrum
from 200-400nm. A 6th channel has no filter and pro-
vides aging information.

Wavelength
(nm)

Comment

210 Main TiO2 dust absorption band
230 Biologically damaging and rapidly

time varying regime
250 Secondary TiO2 band
300 Mid UVB
350 Mid UVA

Open channel
Table 1, detailing the UV sensor channels

Oxide sensor One controversial issue arising from
the results from the Viking landers is the postulated
presence of hydrogen peroxide (H2O2) or other oxi-
dizing compounds in the soil, used in several cases to
explain the results of the experiments designed to de-
tect Martian life. This sensor deploys a thin silver film
in situ by pulsed evaporation of a silver bead, and
monitors the resistance of the film with time as it oxi-
dizes. By repeated evaporations at different times of
day, in conjunction with input from the cameras, the
UV sensor and the onboard microscope, useful infor-
mation will be obtained about the ‘life cycle’ of any
oxidants present.

Additional sensors: Dust impact sensor Impacts
from dust in the atmosphere of Mars will help to indi-
cate how material is moved over the planet's surface.
The sensor is a simple 50x50mm Al sheet, 0.25mm
thick, with a piezoelectric film on the rear face. Mini-
mum sensitivity is around 1x10-6 kgms-1

Accelerometer Measurements of deceleration of the
probe during the atmospheric entry and landing se-
quence can be used (in combination with the drag coef-
ficient for the heat shield) to derive the upper atmos-
phere density and pressure. See for example Withers et
al [7].

Two single axis sensors are used, with ranges
of±30g and ±10g on the probe axis. During the early
entry phases pressure and density can be derived in
upper atmosphere with an initial vertical resolution of
150m. Horizontal wind-speeds will be monitored dur-
ing later descent after chute deployment, and the probe
tilt once at rest will also be recorded.

Measurement Strategy: Throughout the surface-
mission lifetime, each sensor will be sampled at a low
rate, typically taking one reading from each sensor
every 30 minutes. In addition to this, to study quickly
changing conditions such as the dust devils seen by
Viking[8] and Mars Pathfinder[9], the wind, tempera-
ture, pressure, and dust sensors will have ahigh sam-
pling rate mode (1 per second), whereby data from the
previous 5 minutes is buffered and onlyreturned to
earth (along with a further 5 minutes of data) should
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any transient effects be detected. Of particular interest
are dust devils, which may be the primary source of
dust movement on Mars, and responsible for the ho-
mogeneity of the dust measured at the Viking and Path-
finder sites.

References: [1] R Schmidt et al, ESA Bulletin-
European Space Agency, 1999, No.98, pp.56-66 [2] JC
Bridges et al, JGR , 108 (E1): 5001, 2003 [3] AP Zent
and C McKay, Icarus, 108, 146-157, 1994 [6] J Clem-
met,  ESA SP-468, 9-14, 2001 [7] P Withers et al,
Planetary and Space Science, submitted. [8] For exam-
ple, PP Thomas and P Gierasch, Science 230, 175-177,
1985. [9] JT Schofield, JR Barnes, D Crisp, RM
Haberle, S Larsen, JA Magalhaes, JR Murphy, A Seiff,
G Wilson, Science 278, 1752-1758, 1997
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CONVECTIVE PLUMES AS ‘COLUMNS OF LIFE’.  B. J. Travis, Los Alamos National Laboratory (EES-
2/MS-T003, LANL, Los Alamos NM 87545;     bjtravis@lanl.gov    ).

     Introduction: A great deal of evidence supports the
statement that water was abundant on Mars in its early
history and that much of that inventory still exists to-
day as ice and permafrost in the sub-surface, very
likely with liquid water below that [1], [2].  A recent
study [3] suggests that liquid water will be subject to
widespread hydrothermal convection driven by the
geothermal gradient, or the geothermal gradient aug-
mented by magmatic intrusions.  Subsurface convec-
tive flow patterns for Mars conditions are of the roll
and plume types, with warm, upwelling plumes melt-
ing through the permafrost region and approaching
closer to the surface and exhibiting higher upward flow
rates than rolls (see Fig. 1). Water temperatures within
upwelling plumes can range from 40 – 100 oC, at their
base, to 0 – 10 oC at their top (even colder for saline
solutions), depending on local heat flux and perme-
ability structure of the host rock (see Fig. 2). These
convective patterns are stable and long-lasting, and
could provide a potential habitat for microbial life by
bringing nutrients to and through microbial communi-
ties living in subsurface soil and rock. Upwelling
plumes could function as ‘columns of life’.  Further,
for the higher geothermal heat fluxes of the past, flow
will be episodic, characterized by occasional periods of
enhanced flow rates and re-organization of the spatial
arrangement of plumes, possibly providing a stimulus
for evolution.
    Fisk & Giovannoni [4] argue, based on the diversity
of electron donor-acceptor mechanisms that microbial
life on Earth has developed and on the similarities
between the chemical and mineralogical make-up of
Earth and Mars, that many chemolitho-autotrophic mi-
crobes that inhabit the Earth’s seafloor could likely
survive in the Martian subsurface. Likely microbial
candidates would include anaerobic thermophiles that
utilize sulfur and carbon dioxide and iron, examples of
which are found in abundance within mid-ocean ridge
vent systems.
    Microbes in Mid-Ocean Ridge Systems as Exam-
ples. In hydrothermal vents at mid-ocean ridges and
other vent fields, there are many examples of microbes
(mesothermophiles and hyperthermophiles) that utilize
aerobic and anaerobic chemolithotrophic energy
sources [5], typically in the temperature range 70 - 110
oC.  These rely primarily on sulfur and hydrogen
chemistry. There is evidence for interactions between
thermophilic species. There are also examples of mi-
crobes (cryophiles) that can live in briny water inclu-
sions in ice.
    Some Anaerobic Energetic Reactions.  Common
reactions that provide energy for anaerobic thermo-
philic microbial metabolism on Earth include:

Sulfate reduction (e.g., Archaeoglobus profundus, at
90 oC)

Methanogenesis (e.g., Methanococcus igneus, at 86oC)

Denitrification (e.g., Pyrobaculum sp., at 103 oC)

Another possible source of energy: pyrite formation

    Simple Monod Model for Microbial Metabolism.
For a simple stoichiometry of the form

and assuming Monod (enzyme) kinetics for metabolic
reactions, the following set of governing equations ap-
proximate transport, diffusion and reaction in the sub-
surface:

where A represents an electron donor (e.g., CH4, H2,
H2S ), B is an electron acceptor (e.g., O2, S, SO4, NO3,
CO2), M represents microbial biomass, Ki equals half-
saturation and k equals max. utilization rate, V is
Darcy velocity, e is porosity, Di equals diffusivity, kd is
death rate of microbes.
     Estimate of Growth Potential.  Numerical solu-
tions of the above equation set in general two and three
dimensional settings, with even more complex meta-
bolic models, are available [6].  Here, estimates of so-
lutions will suffice. Making a steady state assumption,
and assuming that B is in excess (B >> KB), neglecting
diffusion and assuming locally uniform flow,  A = KA

c / (1 - c), and c = kd / (b k), which implies that

         M ~  (QA/L)/(c k)  =  V [A]in b/ (e L kd)

where [A]in is the concentration of electron donor in
fluid being entrained into a plume.   Typical  ranges  of

A + aB Æ bM + byproducts

∂A
∂t  = - k M A

KA + A B
KB + B - 1e—⋅(VA) + DA—2A

∂B
∂t  = - ak M A

KA + A B
KB + B - 1e—⋅(VB) + DB—2B

∂M
∂t  =  bk M A

KA + A B
KB + B - kdM

CO2 + 6H2 + SO4
-2 Æ [CH2O] + S-2 + 5H2O

2CO2 + 6H2  Æ [CH2O] + CH4 + 3H2O

CO2 + 8H2 + 2NO3
-  Æ [CH2O] + N2 + 7H2O

FeS + H2Saq Æ FeS2 + H2

CO2 + H2 Æ HCOOH
FeS + H2Saq + CO2 Æ FeS2 + H2O + HCOOH
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COLUMNS OF LIFE:   B. J. Travis

values for the various coefficients for Earth-based mi-
crobes are:  b = 0.33 - 0.50, KA ~ O([A]in),  kd ~ 10-4 -
10-1 /day, e ~ 0.01 - 0.30, k ~ 10-2 - 10/day. Represen-
tative flow rate V in rolls and plumes for hypothetical
hydrothermal convection on Mars [6] ranges from
2x10-4 - 6.5x10-3 m/day.  This yields the estimates:
M ~  10-2  [A]in/L    for weak convection (rolls), and

    short-lived microbes
M ~  102  [A]in/L     for strong convection (plumes),

    hardy microbes
If [A]in ~ 10-5 g/cc and L ~ 1,000 m, then  M ~ 10-6 g/cc
which converts to about 106 microbes/cc in a plume.
    Conclusions:  Regions of warm to hot water should
exist in the Martian subsurface (40-100 oC). The
lower-lying northern plains are a more likely place for
the fully saturated flow model assumed here, but if the
H2O inventory is sufficiently large, then the model
may be applicable to parts of the southern hemisphere
as well.  Warm, flowing water in long-lasting upwell-
ing plumes and convective rolls is capable of carrying
dissolved minerals continuously to and through any
microbial communities living within a hydrothermal
convection system. Estimates of metabolic rates vs
transport rates suggest that microbial life at concentra-
tion levels up to 10-6 g/cc (106 microbes/cc) might be
sustainable over a spatial interval of 1,000 meters.
Temperature structure within plumes provides a range
of temperature zones and the chemical make-up could
allow a series of life zones, ranging from habitations
for thermophiles deep in the regolith at the base of
plumes to mesophiles in the middle regions to
cryophiles at plume tops.  If plumes breached the sur-
face occasionally, there could have been biomass resi-
due deposited on the surface.  There is also the possi-
bility of seeps of very low concentrations of by-
product gases such as methane.
  Numerical simulation of convective patterns with rea-
sonable values of controlling parameters such as geo-
thermal heat flux and permeability structure and solu-
bilities of various compounds, allows estimation of the
maximum rate at which required substrates and nutri-
ents could be delivered to any microbial communities
living within convective plumes. When coupled to mi-
crobial metabolic models, these reactive transport
simulations can provide an estimate of the possible
size and spatial distribution of such communities.

References: [1] Clifford, S.M. (1993) JGR 98,
10973-11016. [2] Clifford, S.M. and T.J. Parker (2001)
Icarus 154, 40-79. [3] Travis, B.J., N.D. Rosenberg,
J.N. Cuzzi, in press, JGR-Planets.  [4] Fisk, M.R. &
S.J. Giovannoni (1999) JGR 104, 11805-11815. [5]
Jannasch, H. W. (1995) in Seafloor Hydrothermal
Systems AGU Monograph 91, 273-296. [6] Travis,
B.J., N.D. Rosenberg (1997) Environ. Sci & Tech. 31,
3093-3102.

Figure 1.  An example of pure-water subsurface
hydrothermal convection under Mars-like conditions.
Sides of box are 10 km each (vertical not to scale).
Surface shown is the interface between underlying liq-
uid water and overlying frozen soil, i.e., the 0 oC iso-
therm.  The interface reflects the underlying regions of
convective motion. The label ‘500 darcy’ refers to sur-
face value of permeability; permeability and porosity
decrease exponentially from the surface down. Surface
temperature is – 60 oC and heat flux at the bottom is 40
mW/m2.

Figure 2.  Temperature structure within hydrothermal
convection plumes and rolls in the subsurface. Blue
surface is the 10 oC isotherm, Green is 20 oC, and
chartreuse is 30 oC.  The box region is 10 km on a side.
Basement temperatures can range from 40 to 100 oC
depending on vigor of convection. Closeness of plume
top to surface depends in part on salt content.
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PERMAFROST-RELATED MORPHOLOGIES IN TEMPE TERRA, OBSERVATIONS AND MORPHOMETRY. S. van
Gasselt, E. Hauber, R. Jaumann,German Aerospace Center, Institute of Space Sensor Technology and Planetary Exploration,
D–12489 Berlin, Germany, (Stephan.vanGasselt@dlr.de).

1 Introduction

The fretted terrain at the Martian dichotomy boundary shows
various permafrost related morphologies. On the basis of Mars
Global Surveyor mission data we perform morphometrical
analyses of lobate debris aprons and present typical ice re-
lated morphologies from high resolution imagery. A variety
of landforms indicates the possible existence of past or present
ice in the near subsurface of Mars (e.g., [1, 2, 3]). Among the
most spectacular ice-related features are lobate debris aprons
(LDAs). They have been interpreted to be a mixture of rock
particles and interstitial ice (e.g., [4]) analogous to terrestrial
rock glaciers (debris transport systems comprising a creeping
mixture of rock fragments and segregational or interstitial ice
[5]).

Rock glaciers are sensitive indicators for the climatic en-
vironment during their formation and - if present on Mars -
are thought to be possible large and easily accessible water
reservoirs. The analogy between terrestrial rock glaciers and
Martian lobate debris aprons is mainly based on the shape of
debris aprons and their relationship to adjacent regions with
permafrost-related morphology. In this study we will focus
on LDA·s in Tempe Terra and investigate LDAs on the basis
of high resolution imagery and topographic data. The Tempe
Terra area (fig. 1) is characterized by fretted terrain [6], a type
of landform often characterizing the dichotomy boundary be-
tween southern highlands and northern lowlands on Mars. In
particular, we focus on an ubiquitous mantling deposit which
might also indicate the past or present existence of near surface
ice, but is different from the LDAs.

2 Topography and Morphology

The width of the fretted terrain in our study area varies between
60 km to 170 km. The undissected upland has an elevation of
-2700 m at 66ÆW and about 0 m at 80ÆW. The lowland has
its highest elevations also in the western part of the study area
(-1700 m) and slopes gently (� ���

Æ) towards NE, reaching
minimum elevations of -3600 m at the eastern border of the
study area. The elevation difference between uplands and
lowlands deceases from� ���� m (at� ��

Æ W) to � 1500
m (at� ��

Æ W). This elevation difference is slightly less than
that reported from the dichotomy boundary in eastern Mars
(2-6 km) [7].

The highlands have a generally very flat surface, sloping at
an angle of less than 0.1° when measured perpendicular to the
dichotomy boundary. The surfaces of very large upland seg-
ments bounded by fretted channels (Fig. 1) have larger slopes
toward the lowlands (1Æ-2Æ) and might be tilted as blocks.
Several fretted channels dissect the upland at the dichotomy
boundary. Such channels have steep walls and flat floors [4],
and their floors are often characterized by "lineated valley fill"

Figure 1: Viking digital image mosaic of the northern Tempe
Terra region combined with MOLA topographic data.

[4] [8]. In the study area, they have uniform widths of�5-10
km and constant depths of few hundred meters. On the floors
of some fretted channels we identify crevasse-like features.

Their specific geometry resembles that of terrestrial chevron
crevasses, which form by a combination of shear stress exerted
by the valley walls and -to a minor degree- by longitudinal
tensile stress (i.e., extending flow) resulting from glacier bed
steepening [9]. We do not know, however, which processes
are responsible for the deformation of the mantling deposit.
One possibility would be creeping of the mantling deposit, as
suggested by [10]. Their orientation seems to be structurally
controlled in two ways: One preferred trend is parallel to the
Mareotis Fossae (N50Æ-60ÆE), a system of long and narrow
grabens. The other is concentric about the center of a possible
impact crater in the northern lowlands (center at 79ÆW, 56ÆN).
Although there is evidence for fluvial sapping on the uplands
near the dichotomy boundary, we find no evidence for a fluvial
origin and later enlargement of fretted channels.

Very high-resolution images (1.5 - 12 m/pixel) taken with
the Mars Orbiter Camera (MOC) onboard the Mars Global
Surveyor (MGS) spacecraft show that the surface at the di-
chotomy boundary in Tempe Terra is covered by a smooth
mantling deposit. It is often degraded by erosion, resulting
in surfaces whose texture is highly variable, ranging from
smooth over stippled, pitted, or knobby to heavily etched.
In some places it is completely removed. The disintegration
process is controlled by slope aspect (i.e., sun irradiation),
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3 LOBATE DEBRIS APRONS

Figure 2: The floor of a fretted channel (a) is covered by a
mantling deposit. Crevasses (cr) are situated near the chan-
nel walls (w). They also outline an impact crater completely
buried by the mantle (i). Small image at the bottom left (b)
shows a crater filled by the mantling deposit. The mantle
seems to have flown out of the crater. Detail of MOC image
M03/06586 (6.23 m/pixel).

the southern (sun-lit) slopes being more affected than northern
slopes. This indicates the sublimation of a volatile constituent,
as previously proposed [11] [12]. The global presence of this
mantle at latitudes higher than�30-50Æ in both hemispheres
has been inferred from global-scale roughness maps [13] and
directly observed in MOC images [11, 14]. It was interpreted
to be a mixture of ice and soil which was atmospherically de-
posited during a recent period of high orbital obliquity less
than 100,000 yrs ago [12]. Our investigation of MOC images
confirms other observations of this deposit [11, 12]. Several
features related to the mantle resemble terrestrial glacial fea-
tures, and some of them may be attributed to flow or creep
processes. An observation in Tempe Terra might support this
notion: A little crater (� 500 m) is filled with the mantling
deposit. Where the crater rim is breached, the mantle seems
to have flown out of the crater (Fig. 3). A second possibility
is that the underlying material (i.e. the lineated valley fill [4,
8, 15] might have flown, and that the overlying mantle only
mirrors that deformation.

Some images reveal a few more or less well-developed
parallel, thin (15-20 m wide) ridges running at� constant
elevations along upper channel walls [26]. Although they
resemble lateral moraines or washboard moraines, we do not
observe any evidence for transport along this valley floor (in
agreement with [11] and [16]). These ridges might be related
to the degradation of the mantling, and might represent zones
of higher resistance of the mantle against erosion.

3 Lobate Debris Aprons

Lobate debris aprons have been observed primarily along steep
escarpments near the dichotomy boundary [e.g., 17, 19, 11, 20]
and the large impact basin of Hellas [e.g., 21]. The morphology
of the lobate debris aprons in Tempe Terra is very similar to
terrestrial protalus lobes [22,23] which are derived from talus
slopes of mountainous permafrost environments. In this study
we have observed and analyzed mesas as relics of the ancient
highlands and their associated slope aprons in the northern
Tempe Terra region on the basis of their morphometry.

We derived geographic coordinates, topographic eleva-
tions, lengths, areas and volumes [27]. Assumptions were
made with respect to the (a) base of the debris apron, which
was assumed to be horizontal and flat [5], and (b) to the volume
of that part of the mesa which has been buried by the apron. The
volume can be approximated using the apron height (assuming
vertical walls) and the mesa area. Thickness estimations, and
consequently, volume approximations, are based on DEMs and
orthoimagery.

3.1 Topography

The morphologic boundary between highland and lowland ar-
eas is characterized by two and sometimes three distinct com-
ponents, (a) a steep upper slope (the wall-rock), (b) sometimes
an intermediate shallow-sloped unit with downslope facing
striae, and (c) the highly textured apron [11]. The intermedi-
ate unit mentioned by [11] is not observed very often at the
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3 LOBATE DEBRIS APRONS

Figure 3: Characteristic morphology of lobate debris aprons at
remnants of the ancient highlands. Debris aprons are charac-
terized by a highly convex profile. White arrows are pointing
to the footprint, black arrows to the boundary of wall rock to
apron.

isolated remnants. At a few sample locations we measured the
angles of intermediate units (� �

Æ

� �
Æ) and angles of debris

aprons (� �
Æ

� �
Æ). The results are in agreement with values

presented by [11].

In plan view, the mesas north of the dichotomy boundary
have a more or less irregular polygonal shape and a rugged top,
in contrast to the more flat-topped mesas of the type locations
in Elysium or Arabia Terra. Outwards from the wall rock zone
large aprons evolve in radial direction and form an elliptical
to circular-shaped footprint. The cross-section shapes of the
aprons are convex upward, steepening towards the terminus
of the apron (fig. 3). The length of the debris aprons varies
between 1.4 km to 6.3 km with an average of�4.0 km in
the northern direction and�3.5 km in the southern direction
which indicates a dependency on the amount of sun irradiation.
The average length of the aprons is less than that given by [20]
for Deuteronilus and Protonilus Mensae with 10.8 to 33 km,
and also less than that given by [11] and [17] (15 km). No
correlation between apron or mesa length and the geographic
latitude or the distance to the dichotomy boundary could be
found.

The thickness of the (upper) mesas ranges from�20 me-
ters to�1100 meters. The thickness of the aprons varies
between�70 and�600 meters assuming a flat base. We ob-
served that the relative thickness of aprons and mesas do not
correlate. Furthermore, we cannot observe a correlation be-
tween the geographic latitude (or distance from the dichotomy
boundary) to the thicknesses of apron or remnant. Minimum
thickness values are lower than those given by [20] (276 m),
the maximum values are about the same.

If the size of lobate debris aprons were a direct function of
the amount of erosion which has taken place, we would expect
a correlation between their sizes and their geographic coordi-
nates. Therefore, it seems appropriate to consider mechanisms
which are supported by climatic factors and which are indepen-
dent of the size and the geographic distribution of remnants.

Figure 4: (a) plot of mesa areas against the area of their aprons.
Aprons are about 2.5 times larger than the mesa. (b) plot
showing the dependency of apron volumes to apron lengths.
Accordingly, Tempe Terra apron volumes can be estimated us-
ing the lengths of the apron axes, derived from measurements
in orthoimagery. (c) A function of apron volumes against
mesa volumes (visible and buried part).
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4 CONCLUSIONS

3.2 Quantitative Volumes and Areas

The mean volume of debris aprons at Tempe Terra (fig. 4b and
4c) ranges from�2 km� to �197 km� with a mean surface
area of�282 km�, ranging from�56 km� to�627 km� (fig.
4a). The remnant areas have a mean value of�115 km�

(15 to 417 km�, fig. 4a) and a mean volume of�21 km�

(0.04 to 92 km�, fig. 4c). As [5] points out, there is a close
relationship between the source area of debris production and
the surface area of a rock glacier. The ratio is controlled by
bedrock resistance, relief and climate. Other authors proposed
values between 1:1.36 to 1:4.4 [24, 25, 26]. Since the source
area of debris aprons can be related to isolated steep-walled
remnants (i.e., the area of the remnant), we can compare the
results for Martian debris aprons. From the regression plot for
27 observations at Tempe Terra (fig. 4a) we obtain a value
of 2.45�AS � AR [km�], with source area (AS) and rock
glacier area (AR). The factor ranges from 1.8 to 4.5, which
corresponds well with the ratios given in [24, 25, 26]. It must
be kept in mind that the method is only valid if the remnant
top is not flat but steep, i.e. the entire mesa can be a source
for rock glacier debris input. The volumes of the debris apron
therefore correlates very well with the remnant volumes (fig.
4c). The volume ratio between wall rock and debris apron
represents a key value for remnant degradation. The volume
of the visible part of the mesa (the upper part) is about one-
third of the volume of the apron (0.36). The calculated total
remnant volume and the apron volume show a ratio of�1:1.1.

We observed that ratios between areas and geographic
coordinates (latitude, topographic elevation, and distance from
the dichotomy boundary) do not correlate at all. A constant
rate of retreat of the dichotomy boundary would result in a
gradual distribution concerning sizes, volumes and areas of
remnants and aprons.

4 Conclusions

In the northern Tempe Terra region of Mars we find a vari-
ety of landforms (e.g., degraded mantling deposits, crater-fill,
moraine-like features, and lobate debris aprons), which pro-
vide abundant evidence for ice-rock or ice-dust interactions.
The current environmental conditions on Mars and the mor-
phology and topography demonstrate that there can be active
processes near the subsurface. Although we find a general con-
sistency of morphometric ratios at lobate debris aprons, which
indicate inactivity, there are strong indicators of active pro-

cesses in the present (degrading mantling deposit). The area,
size and volume distributions of lobate debris aprons in Tempe
Terra show that present climatic factors have to be considered
for their formation.
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Introduction:  The presence of a thick sequence of 

horizontal layers of ice-rich material at Mars’ north 
pole, dissected by troughs and eroding at its margins, 
is undoubtedly telling us something about the evolu-
tion of Mars’ climate [1,2]—we just don’t know what 
yet. The North Polar Layered Deposits (NPLD) most 
likely formed as astronomically driven climate varia-
tions led to the deposition of conformable, areally ex-
tensive layers of ice and dust over the polar region. 
More recently, the balance seems to have fundamen-
tally shifted to net erosion, as evidenced by the many 
troughs within the NPLD and the steep, arcuate scarps 
present near its margins, both of which expose layer-
ing. 

Viking Orbiter imaging of the NPLD revealed that 
dark, dune-forming material is spatially associated 
with NPLD scarps [3]. This material may be liberated 
from an ice matrix by thermal erosion of the NPLD, 
either as sand particles or sand-sized aggregates of 
dust [4]. In either case, the NPLD seems to be a source 
of material similar in particle size and color to that 
present in the vast, circumpolar sand sea [3]. 

Recently, the stratigraphy of the NPLD has been 
subdivided into two unique units [5,6]. Outcrops of the 
upper unit are smooth and show many fine-scale lay-
ers. The lower unit consists of thicker, darker layers 
with an irregular, platy appearance. This stratigraphic 
sequence has been observed at widely separated loca-
tions within the NPLD [6]. If the layering is truly hori-
zontal over the pole, such that the lowest portions of 
the stratigraphic column crop out in the marginal 
scarps, it suggests that the erosion of the platy unit 
uniquely contributes the dark, dune-forming material. 
Indeed, the platy unit may be an ancient sand sea now 
covered by the ice-rich, finely layered unit [6]. 

Optical and thermal infrared (IR) measurements 
have been used to infer and compare the properties of 
the different polar materials. For example, Thomas and 
Weitz compared the color of the dark material near 
NPLD scarps to material within NPLD layers and 
within the circumpolar sand sea [3]. Herkenhoff and 
Vasavada used Viking IR measurements to determine 
the nature of the dune-forming material and its rela-
tionship to other dark, dune-forming materials at lower 
latitudes [4]. However, such investigations have been 
limited by the relatively low spatial resolution of Vi-

king color imagery and IR data compared to the spatial 
dimensions of layers, troughs, scarps, and dune fields. 
We hope to take advantage of the unprecedented spa-
tial resolution of Mars Odyssey Thermal Emission 
Imaging System (THEMIS) visible and IR imagery in 
order to make these inferences and comparisons with 
the highest possible accuracy (e.g., Figure 1). 

THEMIS Observations: To address this science 
goal, we defined a number of Regions of Interest 
(ROI) for THEMIS to target (Figure 2) as part of the 
Mars Odyssey Participating Scientist program. We 
gratefully acknowledge the THEMIS science team and 
operations staff for acquiring ~100 visible and IR im-
age cubes during Mars’ northern summer (Ls 110-160) 
as orbit tracks intersected our ROIs. The visible image 
cubes in our data set have five wavelength bands, 
along-track lengths of ~1000 pixels, and a spatial reso-
lution of 19-38 m/pixel. The IR image cubes have ten 
wavelength bands and a spatial resolution of 100 
m/pixel. The along-track footprint of the IR cubes of-
ten begins < 80° latitude, crosses the pole, and termi-
nates < 80° latitude. 

Planned Analysis:  We will utilize these THEMIS 
data in order to understand the morphology and 
color/thermal properties of the NPLD and related ma-
terials over relevant (i.e., small) spatial scales. A first 
step will be to assemble color mosaics of our ROIs in 
order to map the distribution of ices, the different lay-
ered units, dark material, and underlying basement. 
The color information from THEMIS is crucial for 
distinguishing these different units (Figure 1), which 
are less distinct on Mars Orbiter Camera images. 

We wish to understand the nature of the marginal 
scarps and their relationship to the dark material. Co-
registered Mars Orbiter Laser Altimeter (MOLA) data 
will provide a measure of scarp morphologies and may 
help identify the process(es) eroding the NPLD (e.g., 
mass wasting, wind, sublimation). The dark material is 
present in continuous sheets at the feet of many scarps, 
but does not express dune bedforms there. However, 
dark material has barchan-type formations when pre-
sent tens of kilometers away from the scarps [3]. 
MOLA will help identify the relationship between the 
spatial distribution of dark material, the presence of 
bedforms, and the influence of topography. 
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Figure 1. Color composite of THEMIS visible
image data showing the north polar residual ice
cap (top) and layered materials near the margin of
the NPLD. Here the erosion of the deposits ap-
pears to “bottom out”, exposing the basement
terrain underneath the NPLD (best seen along the
lower edge of the image). The color information
greatly aids this interpretation. 

A more ambitious goal (probably beyond the time-
frame of the 6th Mars Conference) is to derive the ther-
mophysical properties of the different geologic materi-
als using THEMIS and Mars Global Surveyor Thermal 
Emission Spectrometer (TES) data. Such analyses are 
complicated by the need for atmospheric correction (of 
both radiatively active CO2 and dust) and accurate, 
representative surface temperatures. The latter may be 
compromised by the footprint size (compared to the 
areal extent of the material of interest), the influence of 
topography, and the absolute calibration of the meas-
urement. However, the THEMIS data offer the prom-
ise of extending our previous analyses [4] to finer spa-
tial scales and effort will be made to overcome these 
challenges. In order to derive thermal inertias and 
thermally derived albedos, we will employ a 1-D, ra-
diative-convective thermal model of Mars surface, 
subsurface and atmosphere. The model will use simul-
taneous (or seasonally relevant) TES atmospheric dust 
opacities, and where possible, include the effects of 
surface slopes on insolation using MOLA topographic 
data. 

References: [1] Murray, B. C. et al. (1972) Icarus, 
17, 328. [2] Cutts, J. A. (1973) J. Geophys. Res., 78, 
4231. [3] Thomas, P. C. and Weitz C. (1989) Icarus, 
81, 185. [4] Herkenhoff, K. E. and Vasavada A. R. 
(1999) J. Geophys. Res., 104, 16,487. [5] Malin, M. C. 
and Edgett, K. S. (2001) J. Geophys. Res., 106, 
23,429. [6] Byrne, S. and Murray, B. C. (2002) J. 
Geophys. Res., 107, 11-1.  
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Figure 2. Map of Mars’ north polar region showing the locations of our THEMIS ROIs (white outlines)
and all acquired THEMIS visible image cubes (blue footprints). Our ROIs include arcuate scaps near the
margin of the NPLD, the head of Chasma Borealis, and well-developed trough systems within the NPLD.
The basemap is a shaded relief representation of Mars Orbiter Laser Altimeter data. Longitudes are West. 
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AUTOMATED ANALYSIS OF MARS MULTISPECTRAL OBSERVATIONS. K. Wagstaff, Applied Physics Laboratory,
Johns Hopkins University, Laurel MD 20723, USA, (kiri.wagstaff@jhuapl.edu), J. F. Bell III, Department of Astronomy, Cornell
University, Ithaca NY 14853, USA, (jfb8@cornell.edu).

Multispectral and hyperspectral imagers are now com-
monly used to obtain remote sensing measurements for the
study of Mars, and many more such measurements are planned
for the future. These techniques present a number of data
collection, processing, and analysis challenges for planetary
scientists. For example, CRISM, the spectrometer that will fly
on Mars Reconnaissance Orbiter in 2005, is expected to return
about 9 terabytes of data over the mission duration. Each mul-
tispectral map will be 5120x5120 pixels in size (25 MB). It is
not obvious how to easily browse this data, much less perform
detailed analyses of it. More data means more information and
the opportunity for new insights about Mars, but it carries with
it a heavier and heavier burden for the analysis process.

Conventional methods for analyzing multispectral data in-
clude techniques such as examining absorption band depths at
specific wavelengths or plotting two-dimensional histograms
of radiance at different wavelengths. Selecting wavelengths
and band depths that will yield the most compositional or min-
eralogical insight requires a significant amount of expertise
about the object being observed. More critically, the process
can be very time-consuming, with each histogram providing
a single two-dimensional slice of the data for interpretation.
For spectral data with only 10 wavelengths, there are 900
such histograms. Instruments such as the HST Space Tele-
scope Imaging Spectrograph (STIS) have observed Mars at
1024 wavelengths; there are 1,047,552 corresponding possi-
ble histograms. This is not an upper limit, however; there
are several other histograms that can provide insights, such as
plotting radiance at one wavelength against the radiance ratio
at two other wavelengths, or plotting radiance against a band
depth or slope feature.

Of course, not every pair of features will yield interesting
results when plotted against each other. Often areas of interest
are already known, such as the 900 nm band depth or the
radiance at 440 or 750 nm for Mars observations. However, our
knowledge of Mars is certainly not comprehensive. The ability
to discover additional informative relationships is critical.

In this abstract, we describe the result of applying an au-
tomated clustering algorithm to two data sets composed of
Mars observations. One data set was collected by STIS on the
Hubble Space Telescope; the other was obtained by the Mars
Pathfinder Lander. We find that the results are comprehensible
and, when a manual analysis is available for comparison, there
is a good amount of agreement between the two sets of results.
The automated analysis, however, requires significantly less
time to produce results.

Hubble Space Telescope STIS Data. We first introduce
the STIS data set. These observations were collected by a
spectrograph on HST at several different wavelengths (Bell III
et al., 2001). The observing period was from April to May
of 1999, corresponding to the middle of northern summer on
Mars. Consequently, the quality of the observations of the
northern part of the planet is high, while the southern latitudes
have poorer coverage. Each map is composed of 360 × 180

Figure 1: Global map of Mars, observed at 907 nm from Earth
orbit by an imaging spectrograph on the Hubble Space Tele-
scope. The image is in a Mollweide equal-area map projection.

pixels; the goal is to partition the pixels into coherent regional
clusters on Mars. Figure 1 shows all of the pixels at a spe-
cific wavelength, 907 nm. Brighter areas correspond to higher
intensity. The black striping and missing data regions are
artifacts of the scanning method used by the spectrograph. Ex-
cluding missing data and pixels that fall outside the map, each
image is composed of 47,221 pixels. Each pixel is described
by 26 features, corresponding to the pixel’s intensity at each
of 26 different wavelengths, 528–1016 nm, selected from the
original 1024.

We applied the k-means clustering algorithm to this data.
K-means (MacQueen, 1967) takes as input a data set and the
number of desired clusters, k. It produces a partition of the
data set into k clusters such that items inside a cluster are very
similar and distinct from items in other clusters. Each clus-
ter is represented by its mean, or centroid. For multispectral
analysis, the center of a cluster is a spectrum composed of the
mean values for each of the wavelengths.

Figure 2 shows the result of partitioning the STIS data into
seven clusters. Most of the clusters vary only in their albedo;
their general spectral shapes are similar. Two noteworthy ex-
ceptions are the green and grey clusters. The green cluster is

Figure 2: Results of k-means clustering with k = 7. Each
color represents a spectral class that was determined by the
algorithm to be spectrally unique. Many of the classes follow
the classical albedo boundaries.
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composed of very dark and flat spectra. It occurs in the south-
ern regions of the data set, where observing conditions were
poor (near the limb, and thus artificially darkened), near the
north polar cap, and in an isolated spot that turns out to corre-
spond to Syrtis Major. The southern regions can be considered
an artifact of the data collection process. The north polar spots
are likely to be dark soils and/or bedrock exposed by the retreat
of the north polar cap, due to the time of year. Syrtis Major
has been consistently identified as an unusually dark region on
Mars; see e.g., McCord et al. (1971).

The other exceptional cluster is represented by grey in
Figure 2. It occurs at the north pole and in a round region near
the southern part of the planet. The average spectrum for this
cluster is also unusually flat spectrum, but it differs from the
green cluster in that it is much brighter (reflectance about 0.12
versus 0.08 for the green cluster). It does not exhibit the typical
Martian spectral qualities of low blue and high red reflectance.
We hypothesize that this cluster represents ice and/or clouds
observed on the planet, and the physical location of the grey
pixels bears this out. The north pole is a likely place to find ice,
and the southern region corresponds directly to Hellas Crater,
where thin clouds may form.

In both of these cases, the areas of interest highlighted by
the analysis do not necessarily provide new knowledge about
Mars. However, even at the coarse resolution provided by
this data set, the results we obtain are consistent with previous
knowledge about the planet. This provides support for using
such methods on other Mars data sets, where less existing
knowledge may be available.

MPF Lander Data. The Imager for the Mars Pathfinder
Lander obtained a series of 12-color multispectral images dur-
ing the lander’s mission in 1997. A subset of these images,
focusing primarily on soil deposits, has been analyzed by Bell
et al. (2000) using manual and histogram-based classification
methods. Figure 3 shows the 58 multispectral spot images at
600 nm. Bell et al. identified eight distinct soil and dust units:
“Bright I-IV”, “Surface dust”, “Atmospheric dust”, “Dark”,
and “Disturbed” (disturbed soil occurs in regions where the
rover’s wheels traveled). We also applied the k-means clus-
tering algorithm to this data set, specifying eight clusters, as
suggested by Bell et al. The resulting classification of the spot
data is shown in Figure 4, where each cluster is represented by
a different color. For the following discussion, we will refer to
the k-means clusters by their color, and the clusters obtained
by Bell et al. by the above descriptions.

The average cluster spectrum for each class is shown in
Figure 5. They are color-coded to match the colors used in
Figure 4. There are several interesting similarities to the clus-
ters manually identified by Bell et al. The red and purple
clusters correspond well to the “Dark” and “Disturbed” soil
units. For both clusters, R750 is less than 0.2, matching the
condition specified by Bell et al. The two soil types are distin-
guished in Bell et al.’s analysis by their R440 and 900 nm band
depth values. “Dark” soil units have R440 > 0.035, while
“Disturbed” soil has R440 < 0.035. We do not observe these
exact values, but the 900 nm band depth for the red cluster is
twice as large (0.06) as that for the purple cluster.

The orange cluster obtained by k-means corresponds well
to the unit identified as atmospheric dust by Bell et al. In

both analyses, it occurs in sky areas of the spot images. In
our results, it also occurs on the top of a rock (spot 16). It is
characterized by a high blue reflectance and a low red/blue ratio
(i.e., the spectrum is relatively flat compared to other areas).
In our analysis, this cluster is also distinguished from the other
clusters due to its negative band depth at 900 nm. Every other
cluster has either a negligible or a positive band depth at this
wavelength. We also found that our cluster covers 7% of the
pixels, while the atmospheric dust identified by Bell et al. only
covers 4%. We hypothesize that some “Bright III” units may
be included in this cluster, as they are generally characterized
by a negative 900 nm band depth.

The remaining clusters are all composed of relatively bright
material. They probably correspond to a collection of the
“Bright I”, “Bright II”, “Bright IV”, and “Surface Dust” clus-
ters. We have not yet matched them more closely with each
type. The distinctions identified by Bell et al. between these
types depend on the 800–1000 nm slope and the 900 nm ab-
sorption band depth. Calculating these values over the cluster
representative spectra did not sufficiently distinguish them; for
example, all of the calculated 800–1000 nm slopes were be-
tween −0.00011 and −0.00010. We believe that calculating
these values on individual spectra and then looking at the range
of values for each cluster may yield more insight.

Figure 5: Average spectra for each of the eight clusters identi-
fied in Figure 4.

The analysis results we have obtained on this data set via an
automated method are largely consistent to the results obtained
by a manual analysis. This correspondence lends support to
using automated methods to provide a “first pass” analysis of
a data set.

Conclusions. Automated data analysis provide a means
for handling the massive data volumes that planetary scien-
tists increasingly face. By identifying distinct sub-groups in
a data set, they highlight both overall trends and interesting
exceptions. The speed of automated methods can save time
devoted to preliminary investigations and make the analysis of
terabyte-scale data sets feasible.

References. [1] Bell et al. (2000) JGR, 105, 1721–1755.
[2] Bell et al. (2001) Bull. Am. Astro. Society, 33, 1127.
[3] MacQueen (1967) Fifth Symp. on Math, Statistics, and
Probability, 281–297. [4] McCord et al. (1971) Icarus, 14,
245–151.
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Figure 3: MSS soils and dust composite (combined left and right eye) mosaic of the 58 multispectral spots (each 64x64 pixels).
The greyscale image shows intensity at 600 nm. Dark areas are regions where rocks, shade, and parts of the spacecraft have been
masked out. Spots are numbered 1–58, starting at the top left and proceeding left to right.

Figure 4: Automated classification of the MSS data into eight distinct spectral types.
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Introduction:  In a surface investigation of Mars, 

a key priority should be definitive identification and 
characterization of surface materials (e.g., definitive 
mineralogy), which will improve our understanding of 
Mars’ evolutionary history.  As used here, “definitive” 
mineralogy includes mineral identification and deter-
mination of key mineral chemical compositions; how-
ever, it is also important to determine the relative pro-
portions of different minerals in a rock or soil as well 
as textural relationships of mineral assemblages. Be-
cause we know the chemical and physical conditions 
under which individual minerals form, we learn about 
past martian environmental conditions from such de-
tailed mineralogical information. The record of altera-
tion in surface rocks is expected to reach back in time 
from relatively recent alteration of rock surfaces, to 
past stream and lake environments, to hydrothermal 
settings of the upper martian crust, and to the planet’s 
early igneous chemical differentiation. An assessment 
of whether life might have formed on Mars requires a 
broad understanding of the nature of the planet, with an 
emphasis on the presence and role of water during its 
evolution. With better knowledge of past and present 
Mars’ environments, we can speculate more rationally 
on the possible development of life on Mars.  

Despite a wealth of information from past and on-
going missions to Mars, the capability to determine the 
mineralogy of surface materials and to connect miner-
alogy with lithologic characteristics that are diagnostic 
of the environment in which those materials formed 
remains inadequate. The 2003 Mars Exploration Rov-
ers (MER) will carry a Mini-TES and a Mössbauer 
spectrometer, which will provide some detailed miner-
alogy information. For general characterization of min-
erals and/or biogenic phases (reduced carbon, PAHs, 
etc) on the surface of Mars, we have been developing a 
miniaturized laser Raman spectrometer for in situ 
analyses -- the Mars Microbeam Raman Spectrometer, 
MMRS [1].  We are also developing strategies to use 
Raman spectroscopy as a stand-alone technique and to 
be used synergistically with other in situ analysis 
methods in future planetary missions.  Through studies 
of Martian meteorites and terrestrial analogs,  we are 
gaining experience of what compositional and struc-
tural information can be obtained on key mineral 
groups using in-situ Raman measurements.  We are 
developing methods for determining mineral propor-
tions in rocks or soils and identifying rock types from 
sets of closely spaced, rapidly acquired spectra. We are 
studying how weathering and alteration affect the Ra-
man and luminescence features of minerals and rocks, 

and we are investigating the Raman characteristics of 
biogenic organisms and their remains. These studies 
form the scientific basis for in-situ planetary Raman 
spectroscopy, and they are being done in parallel with 
instrument development towards a flight version of the 
MMRS [1].   

Planetary Raman spectroscopy. Laser Raman 
spectroscopy is well suited for on-surface mineralogi-
cal investigations of Mars for the following reasons:  
1) It is definitive; i.e., minerals are unambiguously 
identified through their fingerprint spectra. Raman 
peaks are sharp and non-overlapping; straightforward 
identification of phases in a mixture can be achieved  
from raw spectra, spectral deconvolution in general is 
not required.  Figure 1 shows five spectra taken from 
EETA79001, three single phase spectra (olivine, py-
roxene, phosphate) and two mixture spectra in which 
the contributing phases are obvious.  

2) Raman spectroscopy does not suffer from a “grain 
size effect.” Raman peak positions and peak widths do 
not change even when the size of particles decreases to 
1-2 µm, although overall intensity may decrease be-
cause of scattering.  

Olivine

Pyroxene

Merrillite (phosphate)

Merrillite + Pyroxene + Olivine

Olivine + Calcite

Raman shift (cm-1)

200 400 600 800 1000 1200

calcite

Figure 1. Single-phase and multi-phase Raman 
spectra obtained from EETA79001 martian meteorite
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3)  Analyses are rapid, requiring only a few seconds to 
half a minute to obtain a spectrum.  
4) The analysis method requires no sample positioning, 
a Raman probe will send a laser beam towards sample 
surfaces (rock or soil),  and will collect the backscat-
tered radiation. 
5) No sample preparation is required; original rough 
surfaces of rocks and soils give informative spectra. 
Freshly exposed surfaces, potentially available if the 
rover carries a rock abrader, are best for studying 
original rock mineralogy, but rock coatings are impor-
tant to determining environmental effects [2].  
6) It provides approximate minerals modes, rock iden-
tification, and information on grain size and rock tex-
ture through our Raman “point-counting” procedure, 
[3, 4]. Broader-beam techniques integrate over major, 
minor, and trace minerals in a sampling area such that 
less abundant phases may not be definitively identified 
because the spectrum is dominated by the major 
phases. Minor and trace phases register strongly with 
the microbeam Raman technique when they fall within 
the small sampling area (10-30 µm) activated by the 
laser beam. Alteration minerals that occur in cracks and 
vesicles would likely be detected and identified within 
the linear scan (~1 cm) by the Raman probe (e.g., [5]). 
The spatial relationships within mineral assemblages 
are obtained in the same way; sets of juxtaposed min-
erals that form together at  various locations within a 
rock can be key to discovering possible biologically 
mediated formation of a mineral or mineral assem-
blage.  

In the following paragraphs, we describe examples 
of results from our planetary Raman spectroscopic 
studies that demonstrate the usefulness of this tech-
nique and the potential of the MMRS for future mis-
sions.  

Silicate mineralogy. Raman spectroscopy provides 
straightforward identification of silicates, including 
ortho-, chain-, double-chain-, ring-, layer-, and frame-
work-silicates [6].  The differences in degree of polym-
erization of the major silicate groups provide distinct 
and systematic variations in their Raman spectral pat-
terns. Furthermore, Raman peak positions of some ma-
fic silicate minerals provide information on cation ra-
tios, e.g., Mg/(Mg+Fe) in olivine [7] and 
Mg/(Mg+Fe+Ca) in pyroxene [8], which relate directly 
to rock genesis. Figure 2 compares Mg/(Mg+Fe+Ca) 
ratios in pyroxene derived from Raman data and those 
analyzed by electron probe microanalysis. Based on the 
compositional distribution of pyroxene (and olivine) in 
a rock,  we obtain insight on the cooling rates of parent 
magmas and the crystallization of that rock. The 
Mg/(Mg+Fe) variations in olivine and pyroxene grains 
along a Raman point-count traverse reveal three gen-
erations of olivine during the formation of EETA79001 
martian meteorite. 

Carbonates, sulfates, phosphates.  Raman spec-
troscopy provides excellent sensitivity for oxyanionic 
minerals, e.g., carbonates, sulfates, and phosphates 
(e.g., [9]). The strong covalent bonding in CO3, SO4, 
and PO4 groups provide characteristic strong and nar-
row Raman peaks, which are readily detected even in 
mixtures and at low concentrations. Major cation varia-
tions (e.g., Mg, Fe, Ca) can be determined from well 
resolved peak positions. Figure 3 shows Raman spectra 
of three sulfates found in a Hawaiian acid-sulfate al-
tered basalt; peaks from the H2O vibration occur in the 
3200–3800 cm-1 region.  

Oxides and oxyhydroxides -- Fe-oxides and oxy-
hydroxides have modest covalent character, and thus 
are relatively weak Raman scatterers. Chromite, mag-
netite-ulvöspinel, ilmenite-hematite and their solid so-
lutions are, nevertheless, well characterized by the 
spectral patterns and positions of their major and minor 
Raman peaks, so they can be distinguished even based 
on spectra with low S/N.  In some cases such as in the 
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Figure 3. Raman spectra of three sulfates found 
in an acid-sulfate altered basalt from Hawaii 
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chromite series, major cation ratios can be determined 
from variations in Raman spectra [10, 11]. 

Alteration mineralogy.  In addition to the main 
rock-forming minerals, phases formed at different 
stages of alteration and information about their degree 
of structural order can be identified. We have studied a 
basalt cobble from Lunar Crater Volcanic Field, NV, in 
which olivine grains altered to iddingsite along their 
edges and fractures [12]. The structure of altered oli-
vine affects its Raman peak positions and peak widths, 
so it can be distinguished from unaltered phenocrystic 
olivine. A more polymerized structure (between chain 
and phyllosilicate) was formed where alteration was 
more intense. Goethite and hematite were identified 
among the products of alteration. Figure 4 shows phase 
variations in the alteration zone. 

Mineralogical and other forms of H2O.  Water of 
all forms, ice, liquid, gaseous, bound (OH), clathrate, 
and unbound (H2O) in minerals have characteristic 
Raman features. The Raman spectral features of hy-
drous phyllosilicates provide a way to distinguish their 
structures (di-octahedral or tri-octahedral), chemistries 
(Mg, Fe, Al–bearing), local site symmetry, and the 
types and number of crystallographically equivalent 
sites around OH groups [13]. Figure 5 shows Raman 
spectra of two di-octahedral clay minerals (kaolinite & 
montmorillonite) and a tri-octahedral phyllosilicate 
(serpentine. 

Organic materials.  Graphitic carbon and organic 
C-C, C-H, C-O, C-N, bonds are strong Raman scatter-
ers. We detected reduced carbon in a 3.35 Ga chert 
from South Africa (Fig. 6) to a level of  ≤50 ppm using 
the MMRS brassboard [8]. In a study of a weathered 
basalt cobble, we encountered a crustose lichen in a 

Raman point-count traverse, and its protective wax 
coating yielded strong Raman peaks.  

Laser Raman spectroscopy for planetary surface 
analysis has some limitations, as follows:  

Raman spectroscopy is not well suited to detect 
strongly ionic minerals such as halite. Simple salts with 
more covalent character, however, give useful spectra, 
e.g., fluorite, CaF2.  

Glassy materials yield relatively broad and weak 
spectra, and the extraction of signals for glass beneath 
the spectral peaks of crystalline phases is difficult. 
Nonetheless, basaltic glass and silica-rich glass are 
easily observed and can be distinguished in spectra of 
low background.  

Some materials photoluminesce to the extent that 
mineral spectral features are obscured. On the other 
hand, intense photoluminescence carries valuable in-
formation; for example, it is commonly associated with 
organic matter in terrestrial materials. Inorganic photo-

Figure 4. Raman Spectra taken in linear 
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luminescence seldom prevents mineral identification, 
and provides additional information on mineral compo-
sitions, such as the existence of  rare-earth elements 
and Mn2+. 

Current development status of the MMRS.  The 
Mars Microbeam Raman Spectrometer (MMRS) was 
designed to achieved the desired scientific performance 
as described in above section, and was described in 
detail by [1]). The MMRS has three major parts: a Ra-
man probe, a miniaturized spectrograph, and electron-
ics (including the laser). The mass of the MMRS is 
~2.6 kg.  Operationally, the Raman probe will be posi-
tioned against the target by a robotic arm of a rover or 
a lander or fixed in place and samples delivered to it. A 
set of 50–100 spectra will be taken along a ~1 cm  
traverse on the target during a 1-4 hour period. Total 
energy usage is estimated to be ~35 Whrs per 100 
spectra.  

The current status of the MMRS is that an ad-
vanced brassboard (ADBB) of MMRS is accomplished 
this year [13]. The probe and spectrograph have been 
redesigned with improved optics, and the electronics 
have been miniaturized. The CCD detector is now 
cooled thermoelectrically in anticipation of eventual 
terrestrial field testing of the instrument. Based on 
measurements on a set of standard common minerals 
(quartz, feldspar, olivine, pyroxene and calcite), the 
ADBB has a detection sensitivity ~40% that of our 
state-of-the-art laboratory Raman system, thus twice 
that of the previous MMRS brassboard. The ADBB 
has an improved spectral resolution, and still maintains 
the required spectral range (207-4325 cm-1), which to 
covers the fundamental vibrational bands of minerals, 
OH, H2O, and organic species. The ADBB also has an 
improved Raman-to-photoluminescence S/N ratio, and 
an improved depth of sampling field. Target surfaces 
are likely to be rough and uneven in the field; the de-
sign of the MMRS nevertheless eschews automatic 
focusing for the sake of system simplicity. To compen-
sate, the probe has a substantial depth of sampling field 
(DSF). The DSF of ADBB is >12 mm for a colorless 
calcite and a light green olivine, and ~2 mm for a very 
dark pyroxene.  

A whole-system cold performance test at –24°C 
was conducted for the ADBB system at the National 
Ice Core Laboratory, Denver. Raman spectra of ice and 
mineral grains embedded in ice were obtained (Fig. 7).   
Acknowledgements:  Support of this work comes 
from NASA grants NAG5-7140, NAG5-10703 and 
NAG5-12684 (blj), internal support from JPL and 
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Introduction: In 1989, Parker et al. [1] identified two 
geologic contacts, Contact #1 and Contact #2, which 
they believed demarcated two distinct highstands of a 
global ocean ponded within the northern lowlands. 
Since then, Clifford and Parker [2] presented new 
nomenclature for Contact #1 and Contact #2, now 
known as the Arabia and Deuteronilus trends, 
respectively.  To date, a total of nine putative 
shorelines have been identified by Parker et al., [1, 2, 
3], who categorized both global and regional scale 
trends.  Our ~400,000 km2 study area (Fig. 1) is just 
north of Arabia Terra, contiguous to the dichotomy 
boundary and centered on Cydonia Mensae.  It is 
significant in further testing the shoreline hypothesis 
because it contains both the global scale trends Arabia 
and Deuteronilus, along with a regional trend known 
as Acidalia [2]. 
 Further significance in our study arises from the 
fact that most previously published work [1,2,3,4] on 
the northern ocean’s shorelines has been executed at 
much too low a resolution to provide quantitatively 
meaningful data. Our large-scale, relatively high-
resolution study thus allows for a coherent dataset with 
which we can then use to test formation and post-
formation shoreline models.  Our analyses were aided 
by the interpretation of all available datasets, including 
Viking, MGS and Mars Odyssey datasets.   
 Recently, we rejected a shoreline interpretation 
for the Acidalia trend [5], due to the absence of 
evident erosion and the lack of its conformity to an 
equipotential surface.  Our current results are in 
agreement with these earlier conclusions.  Thus, this 
study will focus primarily on the Arabia and Acidalia 
trends.   
 Here, we provide new evidence supporting a 
shoreline interpretation for the Arabia and 
Deuteronilus trends. In the case of Arabia, we present 
a new site for the trend near the Bamberg crater area 
(Fig. 2).  This newly adapted locality greatly 
strengthens the trend’s approximation to an 
equipotential surface, with a mean elevation of –
3700m and a mean deviation of ± 13m.   We also 
conclude that the Deuteronilus trend appears to 
represent two distinct, regional shorelines, with mean 
elevations of –4200m and –4000m. Analysis of 
THEMIS imagery further strengthens the case for a 
shoreline interpretation of these trends (Fig. 3). 
 Methods: We began our analysis by first 
interpolating nine topographic grids of key areas 
within our study area (Figure 1).  Each DEM was 

gridded at 231 m/pixel from a shapefile of MOLA 
Precision Experiment Data Record (PEDR) profiles 
downloaded from National Space Science Data 
Center's CD-ROM Catalog. The purpose of gridding 
our own data was two-fold: 1) we wanted to insure 
higher horizontal resolution and accuracy than is 
currently available from the Planetary Data System 
(PDS) imaging team’s gridded 460 m/pixel model, and 
2) we needed high-resolution DEM’s to georeference 
(or align in spatial coordinates) Parker’s unpublished 
MDIM’s with the location of his shorelines.  Higher 
horizontal resolution of the DEM corresponds to 
higher accuracy in the georeferencing of Viking and 
MGS datasets. Since the along-track shot spacing is 
~300 m [6], and the across-track shot spacing within 
our area averaged ~200 m for the entire study area, but 
varied from less than 100 m to over 6 km, we feel that 
a pixel size of 231 m was a modest interpolation pixel 
size.  
 Next, we were able to georeference the two 
datasets together into the MGS coordinate system.  
Using Arc GIS 8.2 (a computing platform using both 
Arc Info and Arc View), we defined control points on 
both datasets and performed a polynomial 
transformation on the Viking MDIM’s. The 
georeferenced dataset integrated the raw MOLA 
PEDR profiles, the gridded DEM, and Parker’s Viking 
MDIM’s (with the plotted shorelines) and projected 
them all into the same coordinate space.  
 The resultant dataset allowed us to determine 
where an individual MOLA profile crosses a plotted 
shoreline.  We tabulated the elevations of each of these 
crossings based on the raw MOLA data. If a shoreline 
did not directly fall within a MOLA shotpoint, an 
inverse distance weighted relationship was used to 
calculate the elevation of each tabulated crossing.  
Thus, the vertical accuracy of the elevations used in 
this study are dependent on two factors: The resolution 
of the raw MOLA data, as explained above and in 
Smith, et al. [6]; and the weighted distance between 
the closest shot points and the measurement, which 
inherently varies from negligible to 150 m (half-way 
between two shot points).   
 More than 3000 observed crossings of the 
putative shorelines with MOLA profiles were used in 
this study to evaluate the topographic expressions of 
the shoreline trends. 
 Discussion and Results: From our analyses, 
we found that the Arabia trend is a close 
approximation to an equipotential surface.   The only 
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substantial deviation from elevation constancy is near 
the Bamberg crater area (Fig. 1).  If the crater 
impacted after the shoreline was in place, it would 
necessarily obliterate any evidence of its trend, and a 
shoreline could not be mapped in the area of its ejecta.  
If the crater formed before the shoreline, then the trend 
seen in Figure 1 is still most probably not a shoreline, 
due to the lack of its topographic expression.   
 However, our alternate hypothesis is that the 
shoreline continues north of the one originally mapped 
by Parker.  Figure 2 shows our newly proposed 
location of the Arabia shoreline, trending north of 
Bamberg crater.  This new portion of the trend follows 
an elevation contour consistent with the rest of the 
shoreline. We suggest that if this newly proposed trend 
is a shoreline then it is younger than the bolide event.  
However, it is important to note that high resolution 
Viking imagery within this area is rare, and evidence 
for coastal erosion along this newly proposed trend is 
still needed.  We are currently awaiting new THEMIS 
imagery in order to shed new light on this issue.   
 If we shift the contact north, then the Arabia 
trend in its entirety conforms to an equipotential 
surface, with a mean elevation of –3707 m an a mean 
deviation of ± 13m.  This contact is the oldest of all 
three originally mapped trends [2].  Its equivalence to 
an elevation contour within the entire study area 
suggests that little modification has occurred since the 
time of its formation.  

Also, here we provide new evidence for the 
Arabia trend near Mawrth Vallis through the analysis 
of THEMIS imagery.  Figure 3 yields a spatial 
correlation between an apparent geologic contact and 
the Arabia trend.   In the THEMIS IR image, a 
brightness contrast exists between the material above 
and below the contact.  This apparent contrast is 
separate from that of slope effect.  Further, the material 
below the shoreline is clearly smoother than the 
material above it.  The two portions of the visible 
THEMIS images within this area yield a potential 
coastal geomorphic contact that is concurrent with the 
location of the original Arabia trend.  Since these 
observed contacts follow a single elevation contour, 
these observations are in agreement with a shoreline 
interpretation for the Arabia trend.  

The Deuteronilus trend (see Figure 1) is the 
contact that Head et al., [4] found to be closest to an 
equipotential surface.  Our results are in agreement 
with their conclusions except that we find the observed 
elevations of this trend appear to be bimodal, with two 
clusters of data at –4000m and –4200m.  These two 
groups appear to represent two distinct regional 
shorelines, as the originally mapped shoreline is not a 

single equipotential surface.  Since local deformation 
would necessarily disrupt the nearby, older Arabia 
trend along with the Deuteronilus trend, which runs 
just south of it, we have ruled out major post-
formation modification as a responsible agent for the 
bimodality of the data.  Topographic analysis further 
supports this conclusion, since there is no systematic 
variation in the along-trend profile, as would be 
present if tectonics disrupted a single, equipotential 
surface.  

Conclusions: Shoreline recognition and 
evidence of coastal erosion provide valuable support 
for  the past existence of a global  ocean within the 
northern lowlands. Since 1989 [1], the validity of 
shorelines on Mars has been part of a highly 
controversial hypothesis regarding the hydrologic and 
geomorphic development of the northern plains [7, 8, 
9, 10].  More high resolution, large scale studies must 
be executed in order to shed new light on this topic.   

Here, we provide new data supporting a 
shoreline interpretation for the originally mapped 
Deuteronilus trend through the analysis of all available 
datasets. We also present an adapted locality for a 
small portion of the Arabia trend, strengthening its 
conformity to an equipotential surface.  Further work 
is needed to determine if more than one flooding event 
occurred or if all of the presented regional shorelines 
represent multiple highstands of a single regressive 
body of water. Within our study area, our results 
support the first of these two scenarios, as age 
constraints and evidence of erosion upon the 
individual trends suggests, but either two settings  are 
possible as potential resurfacing agents of the northern 
lowlands.     
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Figure 1: Location of Parker’s putative shorelines plotted on 1/128deg per pixel gridded topography as 
provided by the PDS imaging team’s MOLA Experiment Gridded Data Record (EGDR).  Deuteronilus 
shown in green, Acidalia in white, and Arabia in black. Simple Cylindrical projection. 

 
Figure 2: Newly proposed Arabia shoreline plotted on 3D perspective DEM looking southeast, gridded at 231 
m/pixel. Vertical Exaggeration is  ~ x20.  The mean elevation of the profile shown is –3700m ± 2 m.   
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Figure 3:  Evidence of coastal erosion near Mawrth Vallis.  Daytime THEMIS IR image #I01561006 is on the 
right, with two insets from the visible THEMIS image #V01561007 on the left.  The Arabia trend is shown in 
red.  Center latitude/longitude of  I01561006 is 24.955N and 340.326E, see Figure 1 for context.   
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Abstract:  Planetary geodynamo are driven by 

thermal or compositional convection in the core.  Mars 
is thought to have possessed a geodynamo which 
ceased ~0.5 Gyr after the formation of the planet.  A 
possible, but ad hoc, explanation for this behavior is is 
an early episode of plate tectonics, which drove core 
convection by rapid cooling of the mantle.  In this pa-
per we examine an alternative scenario: that the Mar-
tian core contains several hundred ppm potassium.  
The radioactive decay of 40K provides an extra source 
of energy to power an early dynamo; its short half-li fe 
(1.25 Gyr) ensures that the dynamo will stop early in 
the planet’s history.  Recent experimental results sug-
gest that the potassium is likely to partition into the 
core at the relatively low pressures and high sulfur con-
tents appropriate to Mars [1,2,3].  Thus, the presence 
of potassium in the Martian core provides a natural 
explanation for the geodynamo behavior without need-
ing to invoke plate tectonics.  Our results also suggest 
that core solidification is unlikely to have occurred, 
since this would probably prolong the geodynamo for 
several Gyr.  If the core is entirely liquid, this places a 
lower bound on sulfur content of ~5 % by weight. 

Introduction:  Strong, linearly magnetized regions 
of the Martian crust discovered by the Mars Global 
Surveyor (MGS) Magnetometer/Electron Reflectome-
ter (MAG/ER) investigation [4,5], indicate the pres-
ence of an earlier epoch in which Mars possessed a 
dynamo.  The majority of the magnetized crust is in the 
ancient, heavily cratered terrains in the southern hemi-
sphere.  Their absence in and around the large impact 
basins of Argyre and Hellas imply the Martian dynamo 
had ceased by the time these impact events occurred, 
constraining this period to within the first ~500 milli on 
years of the planets history [6]. 

Previous work shows that an early phase of plate 
tectonics transitioning into a stagnant lid regime could 
provide the appropriate heat flux out of the core to 
drive an early, short-lived dynamo [7].  However, 
strong evidence for plate tectonics having occurred is 
lacking.  Inner core solidification causes compositional 
convection [8, 9] but requires a sulfur content lower 
than considered geochemically plausible [10,11] and is 
unlikely to produce the short geodynamo duration.  
Radiogenic heating in the core provides an explanation 
for an early, brief dynamo without invoking the specu-
lative hypothesis of plate tectonics. 

Model Description:  Our thermal evolution model 
is based on that of [7], which calculates the core and 
mantle thermal evolution assuming stagnant lid convec-
tion is operating. The core parameters adopted are dis-
cussed below; we assume that the core remains liquid 
throughout. We calculate the rate of entropy produc-
tion within the core as a function of time using the 
methods of [12] and [13]. The rate of entropy produc-
tion required to drive the geodynamo is not known; 
here we assume that any value in excess of the conduc-
tive value is suff icient (see Fig 1). 

Martian Core:  Properties of the Martian core are 
constrained by analysis of the Martian meteorites [10, 
11], and the planet’s mass and moment of inertia [14] 
although uncertainties in the core density and size re-
main as these quantities depend on the interior tem-
perature profile and light element abundance.  Further, 
it is unclear how the thermal expansivity varies with 
depth in the core and this will affect the adiabat.  Re-
cent results by Yoder et al. [15] from MGS radio track-
ing data indicate the core is at least partially liquid, 
with an inferred radius between 1520 and 1840 km. 

Model Results:  Figure 1 show our results for a 
nominal case for Mars with a core sulfur content Fe - 
14.2 wt% S and initial core and mantle temperatures of 
2800 K.  Figures 1A and B show the case with no po-
tassium in the core.  Though ∆E is maximum early in 
the core history from the initially higher heat flux out 
of the core, it never exceeds the conductive threshold, 
and the geodynamo will t hus not operate.  With the 
addition of 400 ppm potassium to the core (Figure 1C 
and D), it can be seen that the entropy production is 
now suff icient to drive an early dynamo during the first 
~500 Myr.  The heat fluxes after 4.5 Gyr are similar 
because 40K has decayed. 

Discussion:  Our model demonstrates that the addi-
tion of potassium in the core provides a heat source 
capable of generating the power required to drive a 
dynamo in a liquid Martian core and provides an ex-
planation for its termination within the first 500 Myr of 
the planet’s history.  Future work will explore the ef-
fects of varying the initial temperatures of the core and 
mantle, and the viscosity structure of the mantle.  

Our results also suggest that the core is entirely liq-
uid as solidification of an inner core is likely to gener-
ate a dynamo with a duration of several Gyr.  This 
places a lower bound on the core sulfur content.  

Sixth International Conference on Mars (2003) 3279.pdf



 
 

Figure 1.  Model results showing mantle and core heat fluxes with mantle radiogenic heat production, and core en-
tropy production for liquid Martian core with 14.2 wt% sulfur.  A and B) The Core contains no potassium. C and D) 
with the addition of 400 ppm potassium in the core, excess entropy production drives dynamo that ceases at ~500 
Myr.  Solid line denotes the rate of entropy production ∆E with time.  Dashed line denotes the minimum (conduc-
tive) entropy production required to drive a geodynamo. 

 
 

Comparisons of experimental high pressure melting 
curves for iron and iron sulfide mixtures [15, 16] with 
corresponding adiabats for the core indicates the liquid 
core must contain > 5 wt% S.  Models based on the 
chemistry of SNC meteorites [10, 11] estimate a core 
sulfur content of ~15 wt%, placing the adiabat well 
above the empirical melting temperatures. 
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williamsk@nasm.si.edu.

Introduction: Dunes on Mars were first detected
during the Mariner 9 mission [1, 2]. The dunes
demonstrated that the martian atmosphere must have
possessed the combination of wind velocity and
atmospheric density necessary to construct dunes in the
past Mars climate [3]. Although no evidence of dune
change has yet been found [4-7], the question of
whether or not the present wind regime can move
sand-sized material remains unanswered. The
characteristics of dunes do, however, provide
information about the history of sediment transport on
Mars.

Prior to Mars Global Surveyor, it was not possible
to accurately measure the heights of dunes, so
estimates of their heights were limited to assumptions
of dune slopes. Mars Orbiter Laser Altimeter (MOLA)
data can be used to measure heights of large dunes
[e.g., 8], but the beam footprint and spacing prevent
height measurements of smaller dunes such as
barchans. Repeat imaging by Mars Orbiter Camera
(MOC) with different look angles allows stereo
measurement of heights for dunes of all sizes. The
height of a dune can then be used to estimate the
volume, a parameter that can be used to further
understand the history of aeolian processes on Mars.

In this study, stereo images of dunes in Proctor
crater (figure 1) are used to measure the heights of
dune brinks. The measured heights are compared to
other martian and terrestrial dunes, and the volumes of
sand in some dunes are estimated using a simplified
geometry for dunes [9].

Measurement of Dune Height:  Three repeat MOC
narrow angle images of barchan dunes at the northern
edge of the dune field in Proctor crater have been
released. These images are listed in Table 1 and have
different viewing geometries. Each image has a
resolution better than 5 m/pixel.

Stereo geometry provided by the different look
angles allowed for geometric measurement of dune
heights. To measure the heights, common points such
as dune brinks, boundaries, boulders, and outcrops
were selected. Distances between selected points were
measured and used together with viewing geometries
to construct profiles across the dunes (e.g., Figure 2).
Heights of the barchan dunes in the top part of figure 1
______________________________________________________

Figure 1. Portion of MOC image E17-00444 showing
barchanoid dunes at the northern edge of the dune field
in Proctor crater. North is toward the top.
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Table 1. Characteristics of repeat MOC images of barchan dunes in Proctor.
Image ID Date Ls Resolution Emission anglea

M02-02711 20JUN99 157.31 2.77 m/pixel 0.29º
E03-01039 11APR01 144.34 4.87 m/pixel 22.47º
E17-00444 07JUN02 23.79 4.36 m/pixel 12.06º

aAngle between the spacecraft and a ‘normal’ drawn perpendicular to the surface of Mars.

Figure 2. Example of topographic profile over two
dunes. Profile is constructed using geometry of distinct
points (red dots) on stereo images. Dune on the right is
90 m tall and dune on the left is 80 m tall.

vary but are generally 30-40 m. Dune heights increase
moving south into the dune field, and dune
morphologies become more complex with the greater
supply of sand (figure 1). The larger dunes have
heights of up to 100 m.

Estimate of Dune Volume: Because barchanoid
dunes have a variety of shapes, it is difficult to
measure their volumes exactly. A first-order
approximation is used to model the volume of a
barchan dune following the technique of Bourke et al.
[9].

The smaller dunes measured in figure 1 have
heights of 30-40 m and volumes of approximately
660,000 m3. Compared to estimates for dunes of
similar height elsewhere on Mars [9], dunes in Proctor
crater have greater volumes by a factor of ~3.  This is
consistent with the Proctor dunes having basal areas
larger than the dunes measured by [9].

Conclusions: The ability to measure dune heights
accurately provides further information about Mars
dune characteristics that can be used to better
understand the history of aeolian processes on that
planet. Previously, discussions of the three-
dimensional shapes of dunes on Mars was limited to
assumptions of dune slopes. Estimates of dune
volumes can be compared to dune volumes in other
areas to develop a quantitative understanding of the
budget of aeolian material across Mars.

The ability to measure accurate dune heights and to
use those measurements to estimate dune volumes
opens up a new way to quantify dune characteristics
that will aid in better understanding the history (and
potential activity) of aeolian processes on Mars.
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Introduction:  Mars Global Surveyor (MGS) ac-

celerometer (ACC) observations of the martian upper 
atmosphere have revealed large variations in density 
with longitude during northern hemisphere spring at 
altitudes of 130 – 160 km, all latitudes, and mid-
afternoon local solar times (LSTs) [1,2,3]. This zonal 
structure is due to tides from the surface. The zonal 
structure is stable on timescales of weeks, decays with 
increasing altitude above 130 km, and is dominated by 
wave-3 (average amplitude 22% of mean density) and 
wave-2 (18%) harmonics. We use a simple application 
of classical tidal theory to identify the dominant tidal 
modes and obtain results consistent with those of Gen-
eral Circulation Models. Our method is less rigorous, 
but simpler, than the General Circulation Models and 
hence complements them. Topography has a strong 
influence on the zonal structure. 

Zonal Structure: Density measurements at fixed 
altitude, latitude, LST, and season show a clear de-
pendence on longitude. This zonal structure is stable on 
timescales of a few weeks and spans most of the planet. 
This zonal structure must originate in the lower atmos-
phere; it cannot be created in situ. There are no zonal 
inhomogeneities present in solar heating, which powers 
the dynamics of the martian atmosphere, or in the up-
per boundary of the atmosphere. There are many zonal 
inhomogeneities near the lower boundary of the atmos-
phere, including topography, surface thermal inertia, 
surface albedo, and lower atmosphere dust loading, 
which may influence this zonal structure. Since the 
zonal structure must propagate through, and be affected 
by, the lower atmosphere, observations of the zonal 
structure in the upper atmosphere may reveal informa-
tion about the properties of the lower atmosphere. This 
zonal structure is caused by atmospheric tides, which 
are global-scale atmospheric oscillations at periods 
which are subharmonics of a solar day [4]. 

Classical Tidal Theory: An atmospheric distur-
bance forced by solar heating can be decomposed into 
tidal modes with a specific temporal frequency that is a 
multiple of the rotational frequency of Mars and a spe-
cific zonal wavenumber. When viewed from a sunsyn-
chronous platform like the MGS spacecraft that only 
makes upper atmospheric density measurements at one 
LST for extended periods of time, such tidal modes 
appear as time-independent zonal structure with an 
apparent zonal wavenumber that is a function of the  

true temporal frequency and true zonal wavenumber of 
the tidal mode. In classical tidal theory, each tidal 
mode can be further decomposed into a sum of Hough 
modes [5,6]. The meridional structure of a Hough 
mode is separable from its vertical structure. A sum of 
Hough modes can thus describe any global-scale at-
mospheric disturbance forced by solar heating. For a 
given Hough mode to cause significant zonal structure 
in the MGS accelerometer observations its latitudinal 
structure must allow efficient excitation by solar heat-
ing and its vertical structure must allow propagation to 
high altitudes with minimal damping. We have consid-
ered the vertical and latitudinal structures of many 
Hough modes and identified those which can be ex-
cited by solar heating and reach the upper atmosphere. 
Based on those results we suggest which true temporal 
frequencies and true zonal wavenumbers are responsi-
ble for each apparent zonal wavenumber in the ob-
served zonal structure. 

Topography:  Of the zonal inhomogeneities men-
tioned earlier, topography is the most likely contributor 
to the zonal structure in the upper atmosphere. Solar 
heating, the driver for martian atmospheric dynamics, 
has a meridional profile that is peaked near the equator 
and decays monotonically towards the poles. A zonal 
inhomogeneity which matches this meridional profile is 
most likely to excite strong tidal modes in the atmos-
phere. Neglecting lower atmospheric dust loading, 
which is variable over time, only the wave-2 and wave-
3 components of topography have a suitable meridional 
profile. Since the apparent zonal wavenumber of the 
observed zonal structure is equal to the zonal 
wavenumber of the zonal inhomogeneity that contrib-
uted to the relevant tidal mode, this is consistent with 
the observed wave-2 and wave-3 dominance in the 
observed zonal structure.  
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Atmospheric Tides [6] Forbes and Hagan (2000) GRL, 
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Introduction:  An earlier paper, “Chemical mark-

ers of possible hot spots on Mars” by A. S. Wong, S. 
K. Atreya and Th. Encrenaz [1], explored the modifi-
cation of the atmosphere of Mars following an influx 
of methane, sulfur dioxide and hydrogen sulfide (CH4, 
SO2, H2S) from any outgassing sources which are re-
ferred to as hot spots.  The feasibility of detection of 
the new species by Planetary Fourier Spectrometer on 
Mars Express is reported in a subsequent paper, “At-
mospheric photochemistry above possible martian hot 
spots” by A. S. Wong, S. K. Atreya, V. Formisano, Th. 
Encrenaz and N. Ignatiev [2].  This abstract is a fol-
low-up on the previous two papers.  Here we treat the 
effect of any outgassed halogens rigorously.  We also 
make estimates of dilution factors relative to the source 
location following convection and meridional trans-
port. 

The typical terrestrial outgassing species include 
H2O, CO2, SO2, H2S, CH4, and small amounts of halo-
gens.  None of the sulfur, hydrocarbon and halogen 
species have yet been detected in large-scale surveys 
of the martian atmosphere.  Any localized and tran-
sient sources, if present, are likely to go undetected in 
such observations due to dilution following transport 
away from source and the relatively short photochemi-
cal lifetimes of the species.  With the above in mind, 
and due to considerable interest in the question of ex-
tinct or extant life on Mars, we have developed a one-
dimensional photochemical model, considering the 
possibility that SO2, H2S, CH4, and HCl from any out-
gassing sources may be introduced into the martian 
atmosphere.  From this model we predict the abun-
dances of the various new molecules that are expected 
to be formed in the ensuing atmospheric chemistry.  
The hot spot photochemical model is based on a glob-
ally averaged standard martian atmosphere model 
which includes all common atmospheric species in-
cluding nitrogen species, found between the ground 
and 220 km.  A detailed discussion of the model can 
be found in [1]. 

Sulfur Chemistry:  The presence of SO2 and H2S 
in the atmosphere of Mars has been speculated previ-
ously [3, 4].  The upper limits of SO2 and H2S are 0.1 
ppm each for globally averaged observations [5].  In 
our model, we have both gases outgassing from the 
surface together, and we vary the concentration of 
each from 0.1 ppm to 100 ppm.  The principal reaction 
pathways are shown in Figure 1.  Only for the purpose 
of illustration, we present the result of one case in 

which the surface mixing ratio of each outgassed spe-
cies is set to 100 ppm (Figure 2).  The resulting mixing 
ratios and column abundances of SO2, H2S, and SO are 
summarized in Table 1.  All sulfur species scale more 
or less proportionally with the amount of outgassing 
species.   
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Figure 1.  Important reaction pathways for sulfur spe-
cies in the martian atmosphere. 
 
 

 
Figure 2.  Calculated number density profiles of im-
portant sulfur species, assuming 100 ppm each of H2S 
and SO2 is outgassed at the surface of Mars. 

 
Once in the atmosphere, SO2 will be photodissoci-

ated to produce SO.  The reaction of SO with O2 or 
OH recycles some SO2, while the reaction with O3 
forms SO3, which quickly combines with water vapor 
to form H2SO4 and subsequently condenses in the 
lower atmosphere.  Outgassed H2S is rapidly converted 
to SO2

 and the reactions follow that of SO2 (see Figure 
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1).  The photochemical lifetime of SO2 is 160 days, 
and that of H2S is 9 days. 

 
Table 1.  Summary of possible detectable species from 
martian hot spots, their mixing ratios (at 10 km), col-
umn abundances (above 10 km), and photochemical 
lifetimes, assuming 100 ppm of SO2, H2S and CH4, 
and 1 ppm of HCl are outgassed from the surface of 
Mars. 
 

Species Mixing 
ratio at 10 
km 

Column 
abundance 
(cm-2) 

Photo-
chemical 
lifetime 

SO2 1.7×10-4 1.8×1019 180 days 
H2S 1.8×10-5 7.4×1017 9 days 
SO 1.7×10-7 7.8×1016 4.6 hours 
CH4 1.0×10-4 1.0×1019 670 years 
CH2O 2.8×10-11 1.6×1013 7.5 hours 
CH3OH 4.3×10-12 8.2×1011 74 days 
C2H6 6.4×10-12 9.6×1011 25 days 
HCl 1.0×10-5 1.0×1017 5.7 years 

 
Hydrocarbon Chemistry:  If present, methane 

could be of geochemical or biological origin.  The pre-
sent upper limit of CH4 from global surveys is 0.02 
ppm [5].  Our model calculates the abundances of new 
species that get formed upon the introduction of CH4 
into the martian atmosphere by outgassing, and the 
important pathways are shown in Figure 3.  For the 
purpose of illustration, the result for a case with 100 
ppm CH4 is shown in Figure 4.  The most abundant 
species are CH4, CH2O, CH3OH, and C2H6, and the 
resulting mixing ratios and column abundances are 
summarized in Table 1. 

At altitudes above 80 km, CH4 is photodissociated 
into CH, 3CH2, 1CH2 and CH3, and its oxidation by 
O(1D) forms CH3.  3CH2 reacts with CO2 to form 
CH2O.  At the low altitudes, the oxidation of methane 
by OH forms CH3.  CH3 reacts with O to form CH2O, 
reacts with OH to form CH3OH, and recombines to 
form C2H6.  The abundances of hydrocarbons derived 
from the methane photochemistry are very low even 
when the concentration of methane is relatively large 
in the atmosphere.  The reason is that CH4 does not 
dissociate efficiently to start the hydrocarbon chemis-
try.  Photolysis of CH4 is largely shielded by the much 
more abundant CO2 whose absorption cross section 
overlaps that of CH4.  In the lower atmosphere, the 
most effective way to break down methane is by reac-
tion with OH, which is quickly removed by CO and O.  
The photochemical lifetime of CH4 is about 670 years, 
which is the longest amongst the principal hydrocar-
bon species.  Therefore, CH4 may be easier to detect 
even far from the source region, provided that its 

source flux is reasonably large.  On the other hand, 
CH2O has a relatively short lifetime of several hours.  
Therefore, if the previous tentative detection of CH2O 
(0.5 ppm, [6]) is confirmed by future observations, it 
would imply a nearly continuous supply of methane to 
the atmosphere.  Moreover, the amount of methane 
required would have to be much greater than the 
“global” upper limit of 20 ppb, since the models pro-
duce only 30 ppt of CH2O with 100 ppm of CH4.  On 
the other hand, CH2O itself could also be outgassed 
from the interior, or formed in surface reactions. 
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Figure 3.  Important reaction pathways of hydrocar-
bon and halogen chemistry in the martian atmosphere. 
 

 
Figure 4.  Calculated number density profiles of im-
portant hydrocarbon species, assuming 100 ppm of 
CH4 is outgassed at the surface of Mars. 

 
Halogen Chemistry:  In terrestrial outgassing, 

only a very small amount of halogens (HCl, Cl2, etc.) 
are released from outgassing processes.  The total 
amount of halogens comprises a small fraction, about 
1%, of SO2, mostly in the form of HCl [7].  On Mars, 
the present global upper limit of HCl is 2×10-9 [8], 
which is presumably the most abundant halogen.  Our 
model finds that with up to 1 ppm of HCl outgassing, 
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the direct effect of halogens on the “standard” atmos-
phere, as well as on sulfur chemistry, is negligible. 

We investigate the effect of halogens on hydrocar-
bon chemistry.  When HCl is released into the atmos-
phere together with methane, it is broken down bythe 
solarultraviolet photonsat λ≤230 nm and OH radicals 
to form the atomic chlorine.  Chlorine reacts in a simi-
lar way to OH, enhancing the breakdown of methane 
into CH3 (Figure3) and subsequently increasing the 
production of other hydrocarbons.  Our model shows, 
with 1 ppm of HCl outgassing alongside with 100 ppm 
of CH4, the column abundances of CH2O, CH3OH, and 
C2H6 are increased by 6, 2 and 3 times, respectively, 
compared to the case of no HCl outgassing (Figure 5). 
The overall effect on CH4 is minimal.  The lifetime of 
HCl is calculated to be 5.7 years. 
 

 
Figure 5.  Calculated number density profiles of im-
portant hydrocarbon and halogen species, assuming 
100 ppm of CH4 and 1 ppm of HCl are outgassed at 
the surface of Mars.  This figure illustrates the effects 
of halogens on hydrocarbon chemistry. 
 

Conclusion and Discussions:  We have shown 
that if outgassing is taking place somewhere on Mars 
today, only a handful of new species with significant 
abundance would be formed as a result of photochemi-
cal processes involving the products of outgassing.  In 
particular, the outgassed H2S and SO2 would produce 
significant amounts of only SO in the gas phase.  Simi-
larly, photochemistry of any outgassed CH4 would 
produce appreciable amounts of only CH2O and 
CH3OH, but the hydrocarbon photochemical products 
would be much less abundant than CH4.  Thus, the best 
candidates for the chemical markers of any hot spots 
on Mars are SO2, H2S, CH4, possibly HCl, SO, CH2O, 
and CH3OH.  The largest source of methane in the 
earth's atmosphere is methanogenic bacteria living in 
anaerobic soils in tropical forests, swamps and rice 
paddies and in the guts of cattle and other grass eating 
animals, with smaller contributions from fossilized 

matter.  Methane and its products could serve as possi-
ble biomarkers in the martian atmosphere as well.  
Halogens would probably outgas in very small 
amounts, and their only noticeable effect on the at-
mosphere and outgassing chemistry is the slight in-
crease of hydrocarbon photoproducts. 

In the relatively short time-scale of about an hour, 
ordinary convective processes alone can reduce the 
mixing ratios of outgassed species by factors of 104–
105, spreading the outgassed species over distances of 
up to 50 km away from the source.  In addition, the 
time-scale for spreading the outgassed species over the 
entire planet (with corresponding dilution factor of 
~108) would be approximately one year.  In view of 
these time scales and the relatively short photochemi-
cal lifetimes of the species, detection of any sulfur or 
hydrocarbon species would indicate presence of cur-
rently active hot spot/s in close proximity of the obser-
vation.  Unless the source flux is extremely large, de-
tection far from a transient source would be unlikely 
due to dilution.  The best conditions for detecting any 
possible hot spots would be over valleys, between 
early and mid mornings.  At this time period, any out-
gassed species would be trapped between the surface 
and the top of the thermal inversion created by the 
nocturnal radiative cooling of the surface and lower 
atmosphere.  Thus, the near surface concentration of 
outgassed species would be the highest.  As the depth 
of the convective layer increases during the morning, 
this concentrated layer gradually grows, up to values 
larger than the atmospheric scale height (about 10 km).  
During the cold season, convection is inhibited, the 
thermal inversions are stronger, and the convective 
layers shallower.  Therefore, morning limb observa-
tions during winter are ideal for detecting any possible 
martian hot spots.  The best locations to find hot spots 
include martian high latitudes where most of the signs 
of recent water seepage and ground water runoff have 
been seen, and calderas of volcanoes in the Tharsis. 
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Introduction: Lee wave clouds form when stable 

air is deflected vertically by a topographic obstacle and 
undergoes a wave-like oscillation in the lee of the 
obstacle.  Condensation occurs at the adiabatically-
cooled crest of the waves, usually leaving a regular 
train of clouds aligned orthogonal to the prevailing 
wind and/or a “ship’s wake” divergent pattern.  The 
existence of lee waves in the Martian atmosphere has 
been known since Mariner 9 [1]. Craters varying in 
size from a few to hundreds of kilometers commonly 
generate lee waves on Mars (i.e., Figure 1). For larger 
craters, waves can extend up to nearly 1000 km 
downstream of their source [1-5].  The wavelength and 
propagation characteristics of lee waves are 
determined by the temperature (stability) and wind 
profiles of the atmosphere, as well as moisture in the 
impinging flow, so they allow us to make inferences 
about the atmospheric structure and dynamics. Also 
the statistical occurrence of lee wave clouds in 
preferred seasons and locations allows us to tie lee 
wave incidence to the general climatic state of the 
Martian atmosphere. In previous missions, coverage 
has not been systematic. Mars Global Surveyor (MGS) 
provides an opportunity to systematically look at the 
occurrence of lee waves and correlate this with 
meteorological predicaments. The only significant 
limitation from MGS is lack of local time coverage. 

…

 
Fig. 1.  Lee wave clouds generated by Milankovic 

crater (55N, 148W, diam~110 km) on Ls=234. (MOC-
WA image M08/07249). 

 
MOC wide-angle (WA) images have a better 

footprint for observing clouds than the narrow-angle 
MOC images. The red- and blue-filtered WA images 

allows us to distinguish ice clouds (bright in the blue) 
from dust clouds (bright in the red), at least where 
paired images of the same scene were taken. Radio 
Science (RS) data can provide vertical temperature 
profile context in principle, but there is scant overlap 
in local time with the relevant images. The Thermal 
Emission Spectrometer (TES) has better coverage in 
space and time than RS; it can provide context for 
cloud and vapor distribution, but temperature profiles 
have insufficient vertical spatial resolution for direct 
application to lee waves. MOLA provides excellent 
surface topography for models, as well as some direct 
cloud observations. However, direct cloud 
observations are biased towards CO2-ice clouds, which 
are reflective, rather than H2O-ice clouds, which are 
absorptive. 

 
Observations and Interpretation: We are currently 

compiling a cloud catalog from MOC WA images of 
condensate clouds. Consistent with the results of [5], which 
is based on global swath images, lee wave clouds are found 
to occur in the mid-latitude and polar regions in fall and 
winter of the respective hemisphere, with wavelengths of up 
to 50 km. Unlike [5], our study also includes all of the 
regional-scale WA images, which allows detection of lee 
wave clouds with smaller wavelengths (i.e., Figure 2) as 
well as a more detailed analysis of their shape and structure. 
In some cases we observe shadows that can be used to derive 
cloud heights.  

Two particular questions come to mind: (1) Why is 
the Martian atmosphere apparently prone to a large 
amount of lee wave activity (2) What determines the 
seasonal trends?  

We find that the occurrence of lee waves has less 
to do with the water vapor abundance and more to do 
with the dynamical state of the atmosphere. Northern 
hemisphere water vapor peaks at ~Ls 120 and yet there 
is little occurrence of lee wave clouds before Ls=170. 
The reason can be deduced from understanding the 
conditions required for lee wave occurrence, as 
follows.  

Conditions for trapped lee waves: The horizontal 
(k) and vertical wavenumbers (m) of the wave are 
coupled through the Scorer Parameter (l), given by: 

2 2
2 2

2 2

1
,  where 

N U
l l

U U z

∂ 2 2m k= − =
∂

+       (1) 

where U is the wind speed and N is the Brunt-Vaisala 
frequency [e.g., 6]. The horizontal propagation of the 
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wave, and the presence of clouds, is strongly 
controlled by the atmospheric structure.  For example, 
if k < l, then the lee wave is vertically propagating 
(does not damp with height).  Such a wave can result 
in the appearance of a single wave disturbance directly 
over the obstacle through a depth of the atmosphere 
where l remains greater than k.  When k > l, the wave 
is damped with height (m is imaginary). In the simplest 
“two layer” idealization for trapped waves in the lee of 
a ridge, the lower layer has conditions such that the 
intrinsic frequency of the wave, Uk, is less than N and 
in the upper layer has Uk > N. Under these conditions, 
the wave is not damped in the lower layer, while it is 
evanescent (dying away in amplitude) in the upper 
layer. The wave is thus trapped. Thus if the vertical 
variations of N and U are such that the Scorer 
Parameter decreases significantly with height, then 
cross-topographic flow is prone to give rise to a lee 
waves. 

 

This λs parameter must increase with altitude z for 
waves to exist, and if so, it provides an upper limit to 
their wavelength. Figure 3 shows profiles for a 
location near Korolev crater (73N, 196W) at three 
different seasons showing development of conditions 
conducive to leewaves. 

 
Fig. 3.  Vertical profiles of the “Scorer wavelength” in 
the atmosphere at high northern latitudes derived from 
Radio Science occultation profiles taken on Ls=100 
(solid line), Ls=166 (dashed line), and Ls=180 (dot-
dash line).  
 
This shows that lee waves are not expected for the 
summer season, as indeed is observed. Only as 
summer progresses to fall does the Scorer parameter 
become liable to decrease significantly with height (or 
equivalently λs increases with altitude z). This gives rise 
to the conditions for trapped lee waves. 

Consequently, the answer to why Mars has 
significant autumn and winter lee wave activity in 
midlatitudes is that the wind shear is very large, with 
wind speeds increasing greatly with height because of 
the winter midlatitude jet stream. For a linear velocity 
profile, Eqn. (1) becomes 2 2l N U≈ 2 , which is 
dominated by the denominator term in zonal wind. The 
answer to why lee waves are prevalent in the autumn 
and winter is that the strong variation of wind with 
height is only set up during these seasons. 

 Fig. 2.  Small wavelength (~7km) lee wave clouds 
inside Lomonosov crater (65N, 9W, diam~150km) on 
Ls=53. (MOC-WA image M19/01563). 

We are also undertaking more detailed modeling 
using linear models that can predict the horizontal 
wavelength (which is the main feature observed in 
images), and shapes of the waves. A particular trait of 
crater lee waves on Mars that often occurs is a pattern 
of diverging cloud trains as seen in a “ship’s wake”. 
This is in contrast to transverse clouds, which are 
orthogonal to the wind direction in the lee of the 
crater. More comprehensive and less idealized 
simulations can be obtained from the MRAMS 
mesoscale model [7]. 

 
Values of N(z) can be obtained from RS 

temperature profiles typical of a particular season or 
GCM output. Values of U(z) must generally be 
obtained from GCM output for a particular location. 
From these values we can derive l(z) as a function of 
time and space. We can also calculate an effective 
“Scorer wavelength” (λs = 2π/l) as a function of height  
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ICE KEEL SCOUR MARKS ON MARS: EVIDENCE FOR FLOATING AND GROUNDING ICE FLOES 
IN KASEI VALLES.  Christopher Woodworth-Lynas and Jacques Yves Guigné, Guigné International Ltd.  685 St. 
Thomas Line, Paradise, Newfoundland, CANADA  A1L 1C1 709 895 3819 chriswl@guigne.com 
 

 
Introduction:  We present new observations from 
preliminary analyses of Mars Global Surveyor Mars 
Orbiter Camera images of surficial features interpreted 
to be the result of interactions between the keels of 
floating ice masses on submerged sediment.  These 
narrow, intersecting curvilinear trough-like features 
are ice keel scour marks and are present in large 
reaches of the Kasei Valles system (Figure 1).  We 
base our interpretations on the morphology of individ-
ual scour marks, on ice keel grounding structures and 
on local scour mark patterns.  We compare these Mars 
observations with identical contemporary structures 
forming in an analogous environment in the St. Law-
rence River on earth. 
 
Background:  If an ocean existed in the north polar 
basin, it is quite reasonable to expect that it  would 
have been seasonally partly or fully covered by float-
ing sea ice, e.g. Luchitta et al. [1] as is the case for the 
Arctic and Southern Oceans on Earth.  Similarly, it is 
reasonable to expect that even at temperate latitudes 
large rivers emptying into a cold ocean could carry 
significant volumes of river ice out into the ocean as, 
for example, the St. Lawrence River does each spring.  
Floating ice (river ice, lake ice, sea ice or icebergs) 
commonly leaves mechanical traces of its former pres-
ence through the creation of ice keel scour marks on 
the seafloor (Figure 1).  One way to test the hypothesis 
of ice-covered rivers and of an ice-covered ocean on 
Mars is to search for scour marks that may be pre-
served on ancient sedimentary flood surfaces. 
 
Scour marks are the seafloor tracks made by floating 
ice masses as their keels mechanically plough into soft 
sediments of lake, river or ocean floors.  On Earth 
scour marks are ubiquitous features on the seafloors of 
the modern Canadian Arctic (Figure 2) and sub-arctic 
regions from Baffin Bay to the Grand Banks (Figure 3) 
and on the Beaufort Sea and Russian polar continental 
shelves, as well as on the circumpolar seafloor on the 
continental margin of Antarctica.  Scour marks on the 
modern seafloor may range from present day to 10 or 
20 thousand years in age. 
 
Scour marks commonly survive the transition from 
submergence to exposure above water level and an-
cient features are commonly seen, for example, over 
large areas of southern Manitoba and parts of southern 
Ontario formerly occupied by glacial Lake Agassiz 
and glacial Lake Iroquois [2].  They are also found on 

several large islands of the Arctic Archipelago (e.g. 
King William Island, Victoria island) and are readily 
identified from aerial photographs.  These relic fea-
tures were formed in large pro-glacial lakes and (in the 
Arctic) areas formerly submerged below sea level 
some 10,000 years ago [3].  Scour marks preserved in 
Pre-Cambrian, Ordovician and Carboniferous/Permian 
age glacimarine sediments have also been identified on 
exposed bedding plane surfaces in several localities 
worldwide [4]. 
 
On Earth scour marks form today in water depths from 
< 5 - 500 m, and fall in the range < 100 m to several 
kilometers long, 5 - 100 m wide and < 1 - 5 m deep 
(exceptionally 25 m).  The surface morphology of 
scour marks typically comprises a curvilinear trough 
from which seabed material has been excavated and 
ploughed up and to the sides by the entrenched, mov-
ing ice keel, to form two co-linear berms of excavated 
material.   Scour marks commonly occur in extensive 
and numerous criss-crossing populations. The orienta-
tions and distributions of scour marks can be linked to 
wind and current directions and to long-term changes 
in sea levels and ice regimes. 
 
Rationale:  In a preliminary analysis we examined 
several hundred high resolution narrow angle images 
acquired by the Mars Orbiter Camera (MOC).  We 
chose to restrict our initial search for ice keel scour 
marks to two general environments:  the margins of  
Chryse Planitia in the vicinity of an ancient shoreline, 
Contact 2, proposed by Parker et al. [5] and largely 
substantiated by Ivanov and Head [6] (2001), and to 
the valley floor regions of the six great valley systems 
that empty into Chryse: the Mawrth, Ares, Tiu, Simud, 
Maja and Kasei Valles systems.  We restricted our 
search to these regions because it was felt that floating 
ice masses, either river ice carried out into an ocean 
from the valleys, or sea ice would likely ground and 
scour in the littoral waters of a river mouth and near-
shore region, and that traces of this activity may well 
be preserved on the most recently deposited surfaces. 
 
Description of Martian features: On the flat valley 
floor of Kasei Valles we have found networks of cur-
vilinear, intersecting, parallel-sided troughs that mean-
der and intersect with no consistent orientation (Fig-
ures 2 to 3).  In most areas the troughs are cut into a 
typically rough-textured surface that characterizes the 
flat valley floor, and the troughs are always of darker 
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albedo than the rough-textured valley floor.  The 
troughs typically are at least 1 km long and some ex-
ceed 3 and 4 km and range in width from 10 – 50 m.  
By observing sun shadows it is possible to distinguish 
narrow ridges, or berms, on one or both sides of most 
troughs.  Where berms are not observed, and where the 
sun angle is more or less orthogonal to the troughs, 
shadows are cast on the side nearest the sun, and 
bright, illuminated margins form the other side.  Some 
troughs close to the valley margins are buried beneath 
talus slopes.  In places multiple, overlapping sub-
parallel troughs coalesce into wide (100 - 300 m), ir-
regular-sided grooved and ridged surfaces. 
 
Associated with the troughs are poorly- to moderately 
well-defined irregular to sub-circular, smooth, low 
albedo regions, the margins of which are defined by 
low continuous ridges.  These ridge-defined smooth 
areas range in size from  200 to 600 m, exceptionally 
up to 950 m.  They may occur as solitary features, but 
more commonly occur in groups forming jig-saw-like 
ridge networks (e.g. Figure 3). 
 
In MOC images where it is observed the rough-
textured surface of the valley floor is caused by small-
scale, poorly- to moderately well-defined, discontinu-
ous, narrow arcuate lineaments that have the appear-
ance of possible degraded megaripple crests.  The ar-
cuate lineaments are generally oriented across the val-
ley and are defined by high albedo with a lower al-
bedo, wider inter-lineament area.  Wavelengths range 
between 33 and 40 m. 
 
The parallel-sided troughs with berms, the ridge-
defined smooth areas and the arcuate lineaments are 
restricted in their occurrence to the lowest and flattest 
portion of the valley floor of the southernmost branch 
of Kasei Valles (Figure 1).  They do not appear to oc-
cur at or east of the valley mouth in Chryse Planitia.  
They do not occur on any of the older, elevated sur-
faces of the Kasei system. 
 
Description of St. Lawrence Estuary features:  Ice 
keel scour marks are formed on extensive tidal mud 
flats during the breakup of river ice each spring in the 
St. Lawrence estuary (Figure 4).  Scour marks are 
common on mud flats on the southern shore in a 
stretch at least 125 km long where the estuary is 15 – 
25 km wide.  The scour marks are formed in shallow 
water (<1 m to approximately 3 m deep) during flood 
tides and are exposed during low tide e.g. Dionne 
[7,8].  The scour marks form a network of curvilinear, 
parallel-sided troughs that meander and intersect.  The 
troughs range from 1 m to 20 or 30 m in width.  Some 
troughs are characterized by ridges and grooves 

formed by irregularities in the base of the ice keel.  
The margins of most troughs are characterized by nar-
row ridges, or berms, formed by the bulldozing and 
ploughing action of the scouring ice keels.  Depending 
on location there is a preferred orientation of the 
troughs that roughly parallels the river axis.  However 
networks of scour marks are formed at high angles to 
the shoreline and are the result of scouring ice masses 
driven shore-wards by strong cross-valley winds 
(scour marks in center right of Figure 4). 
 
The scour marks are formed by keels of large, flat 
first-year ice floes that are typically 20 - 50 m in di-
ameter and 1 - 2 m thick.  Large, composite ice masses 
that are 3 - 4 m thick formed by ice pressure during the 
winter months have deeper keels and tend to make 
deeper scour marks in deeper water. 
 
The scour marks are associated with irregularly shaped 
depressions, the margins of which are generally char-
acterized by small ridges.  These features are ground-
ing pits created by ice floes that become stranded dur-
ing low tide.  As the floes settle into the riverbed, mud 
is displaced outwards and upwards along the margins 
to form low ridges that preserve an imprint of the floe.  
In places large numbers of floes ground together creat-
ing jigsaw-like patterns of ridges (Figure 4).  Where 
moving floes ground together the leading edges may 
create a local system of arcuate ice push ridges. 
 
Interpretation of Martian features:  We interpret the 
small-scale troughs on the floor of the Kasei Valles 
system as ice keel scour marks made by the grounding 
keels of floating ice floes.  We interpret the associated 
ridge-defined low albedo regions as grounding pits 
made by stranded tabular floes.  The megaripple-like 
surfaces on which the scour marks and grounding pits 
appear to have formed in the lower Kasei Valles 
formed during a period of strong unidirectional down-
valley currents.  There may have been floating ice pre-
sent and ice scouring may have occurred during 
megaripple formation but all traces have been erased 
by the migrating ripples.  As the strong currents asso-
ciated with the megaripples waned, ice scour marks 
and ice floe grounding pits formed and were pre-
served.  The meandering tracks of the scour marks 
point to a significant decrease in unidirectional flow, 
and suggest that winds may have played a significant 
role in driving the scouring floes. 
 
We interpret the wide lanes of multiple, overlapping 
sub-parallel troughs as zones marking the boundary 
between stationary fast ice and moving ice.  Shear 
zones such as these are commonly formed between 
landfast ice and the offshore arctic pack in the Cana-
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dian and U.S. Beaufort Sea.  These regions of linear 
shear in the ice canopy, referred to as Stamukhi zones, 
are typically regions of intense ice keel scouring of the 
seafloor e.g. Barnes et al. [9]; Reimnitz and Barnes 
[10]. 
 

Regional context.  We have found that the ice 
keels scour marks appear to be quite restricted in their 
occurrence to the southern branch of Kasei Valles and 
that scouring occurred for a long distance up-valley.  
Indeed cursory examination of a few MOC images of 
the southwestern reaches of Kasei Valles, towards 
Valles Marineris, show regions of possible scour 
marks and areas of ice floe grounding pits.  We have 
not yet found traces of ice keel scouring in the valley 
floors of the Mawrth, Ares, Tiu, Simud and Maja val-
ley systems, and have found no traces in Chryse Plani-
tia in the vicinity of Contact 2. 
 
The geological units that define the six Valles systems 
emptying into Chryse Planitia span the time interval 
from mid-Noachian, all of the Hesperian and into the 
early Amazonian (Ivanov and Head, 2001; Tanaka, 
1997).  The youngest Valles geological unit is Kasei 
unit 2 mapped by Rotto and Tanaka (1995) and Ta-
naka (1997).  It is in this unit that the Kasei Valles 
scour marks all formed. 
 
Discussion and implications:  An analysis of MOC 
images of the southern portion of the Kasei Valles 
system show the preserved traces of ice keel scour 
marks and ice floe grounding pits on the flat valley 
floor within the stratigraphic Kasei unit 2.  The scour 
marks are therefore of early Amazonian age and are 
the most recent features preserved in all of the six val-
ley systems surrounding Chryse Planitia. 
 
Scour marks are a proxy indicator of environment, 
from which the following three fundamental conclu-
sions are drawn, namely that they demonstrate: 
 

1. the former presence of a water body; 
2. the water body must have been at least sea-

sonally, or perhaps permanently, covered by 
ice floes; 

3. the water area must have been large enough 
for wind and current to drive the floes for-
ward during ice/seabed interaction. 
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Figure 1:  Kasei Valles showing MOC images used 
in the study. 
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Figure 2.  MOC image and interpretation of ice 
keel scour marks (black lines) in southwestern Ka-
sei Valles (MOC image E0-501141). 

 

Figure 3.  MOC imagfe and interpretation of ice 
keel scour marks (black lines) and ice floe ground-
ing pits (black patches) in mid-Kasei Valles (MOC 
image E12-03522). 

 

 
 

Figure 4.  Aerial photograph of ice keel scour 
marks and ice floe grounding pits (black lines and 
black areas), St. Lawrence Estuary, Canada.  Most 
scour marks are parallel to the river but some, ori-
ented towards the top right, have been created by 
wind-driven floes (view approximately 1 km wide). 
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ACCUMULATION OF DISTAL IMPACT EJECTA ON MARS SINCE THE HESPERIAN.  K. E. Wrobel
and P. H. Schultz, Department of Geological Sciences, Brown University, Box 1846, Providence, RI 02912-1846
(Kelly_Wrobel@brown.edu).

Introduction: Dark regions of Mars remain enig-
matic. Are they unweathered volcanics? Pyroclastics?
Exposed bedrock? Even more enigmatic are the con-
flicting explanations form spectral studies. Recently it
has been suggested that these dark areas may represent
impact glasses (or even tektites) emplaced by a nearby
crater [1]. However, consideration of the Coriolis force
emplaced on ejecta in flight reveals that simple em-
placement models are inappropriate. Previous studies
have considered the effects of planetary rotation, or the
Coriolis effect, on distal ejecta deposition on Mars [2-
3] and Earth [4-6]. Results of such studies [2] showed
that rotational effects are significant for Mars and thus
need to be taken into consideration when mapping
ejecta distributions.

Small particles of ejecta from major impacts have
contributed to global surface materials on Mars. In
conjunction with this global ejecta layer, the surface
also displays these large, concentrated regions of dark
materials composed of either enigmatic andesitic mate-
rials, such as in Acidalia (Type II) [7-8] or more mafic
materials (Type I). The present study examines this
issue further by estimating the total accumulations of
possible glasses (distal materials) since the end of the
Noachian.

Background: Previous models involving ejecta
deposition do not completely account for the effects of
planetary rotation. One major misconception is that the
only required correction is a simple adjustment of the
landing position of the ejecta latitudinally according to
how much the planet rotated beneath the particle while
in flight.  Such an approach neglects angular momen-
tum effects.  The definition of the Coriolis force in
equation form (-2m (w x vr) where m is the mass of the
body, w is the rotation rate of the body and vr is the
velocity of the projectile) intrinsically incorporates
angular momentum.  By containing the equation of the
Coriolis force directly in a series of detailed ballistic
equations, this study presents an accurate model of all
effects of planetary rotation on ejecta deposition.

Previous work [2] focused on displaying rotational
effects on ejecta deposition by mapping out where
prominent contributions of ejecta from individual cra-
ters should be observed. One particularly surprising
result was the substantial accumulation typically found
in the hemisphere opposite from impact. The Coriolis
force causes a distinct trend to occur in the locations of
ejecta deposition sites [2,4].  Such trends result in sig-
nificant concentrations of deposits at rather unexpected

locations. Earlier results have shown that a single, 200
km sized crater could deliver meters of material to the
pole opposite from the impact [2]. The present study
shows how the cumulative effects of such concentrated
deposits from a series of craters could have global im-
plications.

Approach and Results: Trajectories of ejecta
deposition sites have been mapped on surface projec-
tions of Mars for every Hesperian-aged crater (or
younger) that is greater than 100 km in diameter (22
craters in total). These craters were chosen for this
study because they would be the most likely to con-
tribute to the dark materials on the surface. All ejecta
were launched at 45º in order to model a radial, grav-
ity-controlled excavation component. Ejecta-scaling
models [9-10] were incorporated in order to estimate
deposit thickness values and to plot ejecta contribu-
tions. Cumulative distribution maps have been pro-
duced to illustrate the global significance of the con-
centrated deposits that result from the Coriolis force.

Figure 1a shows contributions of late-arriving, dis-
tal ejecta in the northern hemisphere from craters in the
southern hemisphere. Two particular regions stand out
(marked on Figure 1a). Comparison of this image with
the map of Mars below it (Figure 3) shows that these
regions of enhanced deposition of distal clasts ap-
proximately coincide with areas of dark, concentrated
materials.

Figure 1b displays the total ejecta contributions to
the northern hemisphere from all of the craters in this
study. The concentrations shown in image 1b are satu-
rated with the ejecta from the northern hemisphere
craters. Thus, the thickest sequences (shown in red,
yellow and green) represent primarily proximal ejecta
deposits.

One can see that the two regions of enhanced depo-
sition exhibited in Figure 1a do not completely fall into
the regions of major contributions from the northern
craters. Due to their proximity, the craters in the north-
ern hemisphere will dump material into the two labeled
regions. However, the important aspect is that the
southern craters will still be supplying a substantial
amount of the ejecta (up to 50% in some regions) that
one should expect to find at these two particular areas.
Also, the ejecta that is being deposited in these regions
from the southern hemisphere craters (Figure 1a) will
be glass-rich, distal ejecta that, on average, will arrive
later than any proximal (not necessarily glass rich)
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deposits from the nearby craters in the northern hemi-
sphere (Figure 1b).

The image in Figure 2a shows distal, glass-rich
ejecta contributions to the southern hemisphere of
Mars from large, young northern hemisphere craters.
Again, distinct regions show enhanced deposition.
These regions coincide with parts of Syrtis Major
Planum (region 1) and Hesperia Planum (region 2),
two very significant zones of dark materials on the
surface.

Figure 2b displays the cumulative ejecta contribu-
tions to the southern hemisphere from both the south-
ern and northern hemisphere craters. This image pri-
marily shows the focus of the deposit sites from the
southern hemisphere craters. Due to their proximity,
such deposits will saturate the image. These deposits
are again proximal (not necessarily glass-rich) depos-
its.

These thickest deposits emplaced from the southern
hemisphere craters (Figure 2b) do not coincide with
the regions of enhanced deposition shown in Figure 2a.
Thus, the cumulative material expected in these num-
bered regions (couple of meters in thickness) will
contain a significant quantity of distal, glass-rich ejecta
from craters from the opposite hemisphere. Again, as
was the case for the northern hemisphere, these distal
ejecta deposited from the northern hemisphere craters
will be late-arriving and thus will be emplaced on top
of any proximal deposits from the nearby craters. In
fact, the northern craters will deliver ~1m of material
to Syrtis Major Planum and up to 10 meters of ejecta to
regions of Hesperia Planum.

Discussion: Previous studies [2,4,11] demonstrated
that rotational effects are latitudinally dependent. Re-
gardless of latitude, deposition sites of ejecta “wrap” in
the hemisphere opposite from impact resulting in re-
gions of enhanced ejecta emplacement.  This wrapping
trend will occur around the opposite pole for high-
latitude impacts and equatorially for low-latitude im-
pacts [2,4]. Focusing on high-latitude impacts, these
results imply that larger sized craters could bring a
concentration of late-arriving ejecta to unexpected lo-
cations at the pole opposite from impact resulting in
regions of enhanced deposition similar to those shown
near the equator in Figures 1a and 2a. When consider-
ing high-latitude craters in a cumulative sense, the
amount of unexpected material that may build up at the
pole opposite from such impacts may be significant
enough to propose an alternate hypothesis to the origin
of the dark materials found at the poles. All of the
high-latitude southern hemisphere craters used in this
study would deliver a cumulative concentration of  ~53
m of material to 65ºN and poleward.  Approximately
the same was found to be true of the amount of mate-

rial delivered to the south-polar region from high-
latitude northern hemisphere impacts (~49 m of de-
posits).

Radial decay laws do not provide completely accu-
rate predictions of the distributions of ejecta from a
crater. Previously, attempts to map possible ejecta
contributions to the dark materials found at regions
such as Syrtis Major Planum and Hesperia Planum
would focus on mechanisms of emplacement from
direct components of ejecta from large, nearby craters.
It was not expected that the craters farther away in the
opposite hemisphere could be contributing a substan-
tial amount of ejecta to such regions. However, rota-
tional effects on ejecta emplacement cause this to oc-
cur. Regions of enhanced deposition in unexpected
locations build up to the extent that when considering
the cumulative effects of many craters, the hypothesis
of an ejecta-based origin for concentrated regions of
dark materials seems very plausible.

There are other manners in which large concentra-
tions of ejecta may be focused at particular, unex-
pected regions of deposition, contributing to an area of
dark materials.

Plume Driven/Entrained Ejecta. If a target surface
of an impact on Mars happens to be particularly sus-
ceptible to shock heating, some vaporization may oc-
cur. Ejecta launched at angles greater than 45º from the
horizontal can be useful as a first-order estimate of
ejecta trajectories from a possible early-time vapor
phase. In Figure 4, the effect of the Coriolis force on
the deposition of plume driven/entrained ejecta is
shown. This figure shows deposition sites of ejecta that
have been launched at an angle of 80º from the hori-
zontal from the Lyot crater (220 km crater at 50ºN,
331ºW).  Deposition is severely limited immediately
east of the crater and greatly enhanced west of the
crater as a direct result of the rotational effects.

A thin global layer of ejecta may result from depo-
sition from a vapor plume, analogous to the K/T
boundary. A localized concentrated region of deposits
(meters thick in some areas) is not expected. This is
exactly what occurs, however, due to the Coriolis ef-
fect on the deposition of plume-entrained ejecta. The
region west of the Lyot crater that will receive an en-
hanced concentration of deposits coincides with Aci-
dalia Planitia, another large area of dark materials on
the surface of Mars.

Impact Basins: Basins such as Hellas, Chryse, and
Isidis are going to deposit enormous amounts of ejecta
all over the surface of Mars. Rotational effects will
play a role in the location of the deposition sites of
these ejecta. Unexpected regions of enhanced accu-
mulations will occur. In the case of basins, such accu-
mulations could amount to hundreds of meters of ma-
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terial being deposited at unpredicted locations. It is
difficult to map exactly where such enhanced deposi-
tion may occur due to the old age of the impact basins.
The pole that was present at the time of their formation
may not coincide with the present polar location [12].
Future work is necessary in order to assess the pale-
ogeographic coordinates of the basins and the resulting
locations of greater ejecta deposition.

Conclusions: The Coriolis force created by the ro-
tation of Mars has some rather significant effects on
the cumulative build up of deposits from craters. The
total contribution of impact glass deposits through time
could be a plausible source for the dark materials
found in concentrated areas on the surface. Due to ro-
tational effects, craters in the opposite hemisphere tend
to focus distal ejecta deposition to specific locations.
Direct proximal ejecta deposited in the same hemi-
sphere as the source crater (predominantly displayed in
Figures 1b and 2b) may not be very glass-rich due to
the proximity of the crater to the deposits. However,
any ejecta that are brought to the regions of dark mate-
rials from craters in the opposite hemisphere will con-
sist of late-arriving distal deposits that could be very
glass-rich.
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FIGURE 1a: This image displays the cumulative
ejecta contributions to the northern hemisphere of
Mars from Hesperian-aged (or younger) southern
hemisphere craters of 100 km diameter or greater.
Due to the source craters for these accumulations being
located in the opposite hemisphere, the deposits shown
are primarily late-arriving distal (glass-rich) materials.
The two numbers distinguish regions of enhanced
deposition that occur as a direct result of rotational
effects on ejecta emplacement.

FIGURE 1b: This figure shows the cumulative
ejecta contributions to the northern hemisphere of
Mars from all (those located in both the southern and
northern hemisphere) Hesperian-aged (or younger)
craters of 100 km diameter or greater. The thickest
sequences are saturated with proximal deposits (not
necessarily glass-rich) from local craters (northern
hemisphere craters). The two numbers mark the two
regions of enhanced deposition of ejecta from southern
hemisphere craters as illustrated in Figure 1a.
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FIGURE 2a: This image shows the cumulative
ejecta deposits brought to the southern hemisphere
from Hesperian-aged (or younger) craters of 100 km
diameter or greater located in the northern hemi-
sphere.  Due to the source craters of these deposits
being located in the opposite hemisphere, the majority
of material mapped in this image would consist of late-
arriving distal ejecta (glass-rich). The two numbers
label significant regions of enhanced deposition that
occur as a direct result of rotational effects on ejecta
emplacement.

FIGURE 2b: Shown in this figure is the cumula-
tive contribution of ejecta deposited in the southern
hemisphere from all (those located in both the southern
and northern hemisphere) Hesperian-aged (or younger)
craters of 100 km diameter or greater. The deposits
mapped are saturated with proximal deposits (not nec-
essarily glass-rich) from the southern hemisphere cra-
ters. The two numbers mark the regions of enhanced
deposition of distal ejecta from northern hemisphere
craters as illustrated in Figure 2a.

FIGURE 3: Shown is a full global image of the
surface of Mars [13]. The main purpose for the inclu-
sion of this image is to display the dark concentrated
regions that are visible on the surface. Comparison of
this image with Figures 1 and 2 show strong coinci-
dences between the locations of these dark materials
and the areas of enhanced deposition of distal ejecta
resulting from rotational effects.

FIGURE 4: This image illustrates the deposition
sites of ejecta launched at 80 degrees from the hori-
zontal from the Lyot crater (220 km crater at 50ºN,
331ºW).  Ejecta launched at high angles can serve as a
first-order estimate of ejecta that is entrained in a vapor
plume. Rotational effects result in limited deposition
immediately east of the crater and enhanced ejecta em-
placement west of the crater, possibly leading to large,
local accumulations.
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Introduction:  To classify a volcanic rock accu-

rately, and distinguish it from an altered volcanic sur-
face or sedimentary rock of similar composition, one 
must utilize an assortment of chemical, mineralogical, 
and textural analyses.  Questions and uncertainties in 
classifications can arise without a full suite of such 
measurements as some mineral phases and chemical 
trends alone are not discriminating factors for assign-
ing petrologic names.  Such difficulties are common 
when classifying rocks on Mars using in-situ and or-
bital remote sensing techniques because of a lack of 
chemical, mineralogical, and textural measurements at 
comparable spatial and spectral resolutions.  We can, 
however, add a perspective to improve our understand-
ing of the origin and composition of martian surface 
materials by placing existing compositional measure-
ments into newly emerging geologic contexts. 

The purpose of this work is to summarize current 
observations and interpretations of martian low-albedo 
surface compositions, focusing on those derived from 
the Mars Global Surveyor Thermal Emission Spec-
trometer (MGS-TES) experiment, and place them into 
geologic contexts relevant to mapped distributions.  
Outstanding questions pertaining to the origin and 
composition of martian low-albedo surface materials 
are discussed and ongoing work to address these issues 
is presented. 

Background:  Prior to MGS-TES, measurements 
of mineral and bulk rock chemistries have lead to a 
variety of interpretations of the surface composition of 
martian low-albedo regions. 

Orbital Remote Sensing.  Visible/near-infrared 
spectroscopic data of some martian low-albedo re-
gions, interpreted to be composed of rock and residual 
dark soil, are characterized by ~1 and 2-µm absorp-
tions that are commonly attributed to the presence of 
ferrous iron (Fe2+) in the form of pyroxene and hema-
tite (both nanophase and crystalline) [e.g., 1-4].  Based 
on these observations, Phobos-2 ISM spectra of Syrtis 
Major have been interpreted to represent two-pyroxene 
basalts similar to basaltic shergottite meteorites [5].  A 
different perspective suggested by [6] attributes the 
observed signatures in dark regions to lesser amounts 
of pyroxene plus dark altered materials that are more 
consistent with the observation of a 3-µm water band 
in intermediate to low albedo regions.  High-resolution 

telescopic spectra of Acidalia Planitia [7] exhibit 
weaker mafic mineral bands compared to Syrtis Major 
which may be consistent with the presence of basaltic 
glass and/or surface coatings.   

In-situ Measurements.  Mars Pathfinder rocks were 
determined to be chemically similar to andesite based 
on alpha proton X-ray spectrometer (APXS)–measured 
element abundances [8], but textural and visible/near-
infrared multispectral evidence supporting the hy-
pothesis that these rocks are volcanic is more ambigu-
ous [9].  A sedimentary origin or surface coating could 
thus not be ruled out without textural or mineralogical 
data  A re-analysis of APXS chemistry indicates that 
Pathfinder rocks may in fact have a high water content, 
which supports a non-igneous classification [10].  Fur-
thermore, soil compositions at the Viking and Mars 
Pathfinder landing sites were compared by [11] and it 
was concluded that the global dust formed by weather-
ing of basalt rather than andesite. 

MGS-TES: Mineral Abundances and Bulk Oxides:  
Studies of low-albedo regions on the martian surface 
using atmospherically corrected thermal emissivity 
data from the Mars Global Surveyor Thermal Emission 
Spectrometer (MGS-TES) have identified two distinct 
global surface spectral signatures [12-15].  The Sur-
face Type 1 (ST1) spectral end-member has been in-
terpreted as an unaltered basalt characterized by high 
deconvolved modal abundances of plagioclase and 
clinopyroxene [12-13, 16].  The Surface Type 2 (ST2) 
spectral end-member has been variously interpreted as 
an unaltered andesitic composition (basaltic andesite to 
andesite) [13, 16] or partly altered basalt [17]. The 
unaltered andesitic composition is characterized by 
high deconvolved modal abundances of plagioclase 
and high-silica volcanic glass [13, 16].  The partly 
altered basalt is characterized by high deconvolved 
modal abundances of plagioclase and alteration phases 
(sheet silicates, K-feldspar, and silica coatings) and 
low modal pyroxene [17].  Detectable abundances of 
hematite [e.g. 18], orthopyroxene [e.g. 19], and olivine 
[e.g. 19] have also been identified in regional and local 
occurrences where ST1 basaltic compositions domi-
nate surface units.  The identification of these phases 
may represent unique surface lithologies (i.e. dunite), 
or higher abundances of each phase in a basaltic sur-
face unit (i.e. olivine bearing basalt). 
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Although TES is a mineralogical tool, bulk rock 
geochemistry can be derived from deconvolved modal 
mineralogies by combining the compositions (wt. % 
oxides) of spectral end-members in proportion to their 
relative modes.  Estimated ST1 and ST2 chemical 
compositions [20] from deconvolutions derived using 
modified spectral end-member sets of [13,16-17, 21] 
were shown to be very similar in their overall respec-
tive bulk chemistries.  Assuming an igneous composi-
tion for both ST1 and ST2 lithologies, [20] suggested 
that ST2 andesites might have formed by fractional 
crystallization under hydrous conditions of a ST1 ba-
saltic andesite parent magma.  The required H2O for 
this is intriguing because such high contents are typi-
cally found only in terrestrial subduction zone envi-
ronments and are in contrast with predicted martian 
mantle volatile contents.  Assuming an igneous com-
position for ST1 and an altered composition for ST2, 
[20] also suggested that weathering of ST1 could pro-
duce sediments with ST2 compositions.  Neither sur-
face type was shown to be compositionally similar to 
basaltic shergottites or the global dust, but dust forma-
tion was shown to be possible by the addition of iron-
oxides to ST2. 

Terrestrial Examples. The cut surfaces of Deccan 
and Columbia River flood basalts are terrestrial exam-
ples of rocks with similar spectral shapes, deconvolved 
mineral abundances, and derived bulk rock chemistries 
compared to the ST1 spectral end-member [12-13, 16].  
The flood basalt samples contain phenocrysts of pla-
gioclase and pyroxene in a microcrystalline ground-
mass of the same phases and have bulk silica and al-
kali values which classify them as subalkaline basalt-
basaltic andesites (49.5-51.7 wt% SiO2 and 3.2-4.1 
wt% Na2O+K2O) [22].  The cut surface of a continen-
tal arc-andesite from the Medicine Lake Highlands and 
a partly altered Columbia River flood basalt surface 
(whose cut surface is the same as the CRB sample 
above) are terrestrial examples of rocks with similar 
spectral shapes compared to the ST2 spectral end-
member [13, 16, 17]. The Medicine Lake Highland 
sample contains small amounts of plagioclase and py-
roxene phenocrysts with a glassy to microcrystalline-
intergranular groundmass composed of the same 
phases and has bulk silica and alkali values which 
classify it as a subalkaline andesite (57.2 wt% SiO2 and 
5.15 wt% Na2O+K2O) [22]. The partly altered Colum-
bia River flood basalt surface contains small amounts 
of plagioclase and pyroxene and secondary products 
interpreted as amorphous silica and sheet silicates (Fe-
smectite and Ca-montmorillonite) [22]. 

Mapped Distributions of Surface Compositions.  
The distribution of the ST1 unit (basalt) is restricted to 
southern highlands and Syrtis Major regions that are of 

Noachian or Hesperian age and a few local deposits in 
the northern plains [13, 23].  The ST2 unit (andesitic 
and/or altered basalt) displays the highest concentra-
tions in the younger Amazonian-age northern lowlands 
regions of Acidalia Planitia and the circumpolar sand 
seas [13]. ST2 compositions are also present in moder-
ate abundances, or an intermediate composition, 
throughout the low-albedo highlands south of ~ 40°S 
with higher concentrations in several isolated regions 
south of Solis Planum, southeast of Hellas Basin, and 
along the edge of the southern polar cap [13, 21].  The 
distribution of the highest concentrations and largest 
extents of the two surface spectral units is thus split 
roughly along the planetary dichotomy which sepa-
rates ancient, heavily cratered crust in the southern 
hemisphere from younger lowland plains in the north.  
However, intermediate compositions and/or mixing of 
units and isolated regions are also present [13, 21]. 

Outstanding Questions:  The initial ambiguity in 
interpreting the ST2 lithology from deconvolved min-
eral abundances and laboratory rock spectra arose be-
cause volcanic siliceous glass (a major component of 
andesite) was shown to be spectrally similar to some 
alteration phases (sheet silicates and suggested silica 
coatings) over the spectral ranges used in deriving the 
atmospherically corrected ST1 and ST2 spectral end-
members [17].  Absorption features between 500-550 
cm-1 in laboratory spectra distinguish sheet silicates 
from high-silica volcanic glass; however, this region 
was excluded while deriving the ST1 and ST2 spectral 
end-members because the CO2 atmosphere of Mars 
becomes largely opaque near this spectral region.  The 
original interpretation of the high-silica glass spectral 
end-member phase as a primary volcanic glass was 
also shown to be too limited, as deconvolved modal 
abundances of the natural surface of a Columbia River 
flood basalt suggested it could also represent an amor-
phous high-silica alteration product [17]. Analyses by 
[24] have further shown that the addition of high-silica 
alteration coatings on basalts results in a surface that  
is spectrally similar to andesite.  Recent work by [25] 
and [26] have shown additional alteration phases such 
as zeolites and palagonites to be spectrally similar to 
high-silica glass, thus adding to the possible range of 
mineral phases present in ST2 materials.  Future work 
is needed to understand better the degree of substitu-
tion and spectral effects of varying crystallinity in 
amorphous phases over a range of chemical composi-
tions as accurate deconvolution of mixture spectra is 
largely dependent on the input of spectral end-
members that represent an appropriate range of com-
positions in the mixture. 

Geologic Context:  A perspective can be added to 
improve our understanding of the origin and composi-
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tion of martian surface materials by placing existing 
compositional measurements and distributions of sur-
face materials into newly emerging geologic contexts.  
An important but often overlooked perspective is that a 
single interpretation of spectra may not be warranted 
everywhere on Mars (Ockam wasn’t always right).  
Here we focus on the distribution of TES derived ST2 
materials in three different martian geologic environ-
ments: 1) northern lowlands, 2) north circumpolar sand 
seas, and 3) southern highlands. 

Northern lowlands.  The mapped distribution of 
ST2 in the northern lowlands is shown to be concen-
trated in Acidalia Planitia, part of the low-albedo sur-
faces of the Vastitas Borealis Formation (VBF) [13, 
17]. The VBF makes up one of the largest surface 
units on Mars and was initially mapped on the basis of 
its morphologic and albedo characteristics and its oc-
currence below the martian highland/lowland bound-
ary [27].  Volcanic, tectonic, glacial, periglacial, and 
sedimentary related processes have been attributed to 
various landforms observed in the unit [28-37 refer-
ences therein]. 

The VBF plains have most recently been inter-
preted as sedimentary deposits derived from outside 
the basin [38] or altered sediments formed through 
local reworking of earlier deposits by permafrost proc-
esses [39].  The sediments are interpreted to be under-
lain by ancient ridged volcanic plains.  Both of the 
VBF “new-view” theories propose these materials 
have undergone significant reworking by either trans-
port and/or indigenous weathering and may support 
alteration of basaltic sands within this depocenter.  The 
VBF morphology is characterized by a mixture of 
smooth plains, polygonal troughs and fractures, and 
pitted domes whose origins have been suggested to 
involve interactions between surface, and near-surface, 
volatile-rich material (water and/or ice) [38,39].  TES 
spectra of the VBF boundary in southern Acidalia 
Planitia, where it is not obscured by dust, indicate that 
the proportion of ST1 (unaltered basalt) material in-
creases outside the basin [40]. 

Recent work by [41 and references therein] sum-
marizes evidence for the probability of sedimentary 
silica existing on Mars and emphasizes the highly mo-
bile nature of silica during near surface alteration of 
basaltic rocks under a wide variety of temperature, 
pressure, and fluid conditions.  Palagonitization is a 
commonly proposed alteration process for the martian 
surface and the production of palagonites and secon-
dary clays, both of which have been shown to be spec-
trally similar to high-silica volcanic glass, result in a 
high degree of silica mobilization [41 and references 
therein].  The geologic context of the VBF as a sedi-
mentary basin with either transported or indigenous 

materials having interacted with surface or near-
surface volatile rich materials [38-39] supports an al-
tered basalt classification for the TES ST2 unit in the 
northern lowlands. 

North circumpolar sand seas.  The largest continu-
ous area of dunes on Mars are the transverse dune 
fields in the north circumpolar sand seas.  Small simple 
barchan dunes and large mega-barchans also occur on 
the margins of the sand seas and in areas of thin sand 
cover.  Observations of possible reversals of dune-
forming wind directions suggest that these dunes are 
active today and there is evidence the dunes have some 
sources within the polar layered deposits. 

The ST2 unit (andesitic and/or altered basalt) dis-
plays the highest concentrations in the northern low-
lands regions of Acidalia Planitia and the circumpolar 
sand seas [13].  The north circumpolar sand sea envi-
ronment is however very different from the northern 
lowland plains.  It is very unlikely that weak alteration 
rinds or coatings (i.e. sheet silicates, palagonites, and 
zeolite) could persist on the primarily active north po-
lar sands that are being constantly abraded.  Silica 
coatings can however be resistant to mechanical 
weathering and may remain as coatings or cementing 
agents. 

If polar dune fields are derived from polar layer 
deposits, they could represent basaltic compositions 
with resistant silica coatings.  Conversely, the polar 
dune fields could be locally derived from an andesitic 
source or transported from a regional andesitic source.  
The presence of weak alteration rinds and coatings is 
very unlikely, leaving silica (coating vs. primary vol-
canic glass) as the likely phase contributing to the ST2 
spectral shape. 

Southern highlands.  ST2 materials are present in 
moderate amounts, or as an intermediate composition,  
throughout the southern highlands with higher concen-
trated abundances occurring in several isolated regions 
south of Solis Planum, southeast of Hellas Basin, and 
along the edge of the southern polar cap [13, 21].  ST1 
materials are also located in the southern highlands 
and Syrtis Major regions that are of Noachian or Hes-
perian age [13]. 

It has been shown that ST2 andesites might have 
formed by fractionation of ST1 basaltic andesite 
magma under hydrous conditions in the shallow mar-
tian crust based on TES derived bulk chemistry [20].  
The required H2O for this is intriguing because such 
high contents are typically found only in terrestrial 
subduction zone environments and are in contrast with 
predicted martian mantle volatile contents.  Although 
the addition of water to the martian mantle through 
subduction has not generally been advocated, [42] 
suggested that andesitic crust could have formed on 
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Mars through hydrous melting.  In this model, mantle 
water is primordial, leading to an early crust of ande-
site with later dry, basaltic volcanism.  Bimodal 
magmatism, leading to the production of siliceous 
melts from basaltic parent magmas, was argued by 
[43] to occur through the formation of lenses within 
solidification fronts.  It is not obvious however that 
such a mechanism could operate on a global scale and 
produce volumetrically significant amounts of 
andesite. If ST2 is an altered ST1 in the southern hemi-
sphere, the observed distribution of materials could 
represent incomplete weathering.  However, the south-
ern highlands are old and heavily cratered with little 
evidence for resurfacing or interactions between sur-
face or near-surface volatile rich materials.  It is there-
fore very unlikely that the processes which resurfaced 
the northern lowlands are the same processes which 
affected the surface compositions of the southern high-
lands. 

Ongoing Work:  An outstanding question regard-
ing deconvolved mineral abundances of ST1 and ST2 
is the ability to distinguish alteration phases (sheet 
silicates, silica coatings, zeolites, and palagonites) 
from high-silica volcanic glass.  The original TES at-
mospheric and surface spectral shapes were derived 
using conservative spectral ranges (233-508 cm-1 and 
825-1301 cm-1) in part to avoid CO2 hot band and iso-
tope features [13].  Absorption features between 500-
550 cm-1 in laboratory spectra distinguish some sheet 
silicates from high-silica volcanic glass.  Silica coat-
ings and some zeolites and palagonites do not exhibit 
the same distinctive spectral shapes as sheet silicates, 
and may be extremely difficult to distinguish from 
high-silica volcanic glass [24-26].   

Current work is focused on re-deriving local TES 
atmospheric and surface spectral shapes at wave-
lengths that cover the diagnostic 500-550 cm-1 range to 
determine if sheet silicates or other alteration phases 
(zeolites and palagonites) are identified or distin-
guished from high-silica volcanic glass.  Atmospheric 
gas shapes (H2O and CO2) have been accurately mod-
eled by [44 and references therein] and are removed 
from spectra thus allowing a greater spectral range for 
deriving surface spectral shapes.  New atmospherically 
corrected surface spectral shapes of the northern low-
lands, north circumpolar sand seas, and southern high-
lands are being individually derived to examine spec-
tral differences and similarities between the different 
geologic environments. 
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H2O-SILICATE MICROPHYSICS IN ASCENDING VOLCANIC PLUMES ON MARS  A. P. Zent, 
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Physical adsorption of water vapor plays a much 
more significant role in eruptive plume energetics 
on Mars than on Earth. The total surface area in 
martian plumes is likely comparable to terrestrial 
ash, while the erupting magma and ambient 
atmosphere are drier. Plumes cool rapidly during 
ascent, and a limited population of H2O molecules 
find adsorption sites to be increasingly stable.  
Release of latent heat of condensation and the onset 
of moist convection are diminished, delayed, or 
even prevented by adsorptive interaction 
We have developed a 5-component numerical model 
of the behavior of water in eruptive plumes under 
Mars-like conditions. We have used the model to 
study the fate of both juvenile and ambient 
atmospheric water in the eruption column.  Here we 
investigate the adsorptive interaction of water and 
silicates as they effect plume dynamics and the 
partitioning and distribution of H2O to the martian 
environment.   
Our focus is on the role of adsorption in scavenging 
H2O from the ascending eruption column, and the 
possibility that adsorptive scavenging depresses the 
vapor pressure in the column below the level 
considered in most eruptive models. 
There has been an increasing recognition of likely 
airfall and pyroclastic deposits from explosive 
volcanism, both on ancient highland volcanoes and 
in the Tharsis complex [1,2,3,4,5,6]. Further, the 
nature of martian volcanism appears to be 
increasingly explosive in older terrains [7], where a 
number of explosive or multi-genetic volcanoes 
show evidence of channeling on their flanks. For 
example, Noachian channels in the Thaumasia and 
Coprates region tend to originate on volcanoes, or 
close to rifts, both of which could provide a supply 
of warm H2O [8]. 
A number of sites have exhibit evidence of airfall 
deposits, some of them seemingly volatile rich.  The 
Medusae Fossae Formation (MFF) is one example 
of a potential volcanic airfall deposit.  Many 
hypotheses for the formation of the unit have been 
proposed.  Sakimoto et al., [9] however find that the 
members of the MFF are not simple, planar strata, 
but are consistent with eolian or volcanic deposits 
superposed on top of existing topography.   
Grizzaffi and Schultz [10] suggested that the interior 
plains of the Isidis impact basin reflect the 
deposition and subsequent removal of a thick layer 
of material within the basin.  They suggested that 
the deposits contained a significant volatile fraction 
based on comparison to terrestrial analogs.  They 

argued that ablation of stagnant debris-laden ice 
cover produces landforms on Earth similar to 
those observed in Isidis. 
In addition to further documentation of 
unconformable, volatile-rich deposits northwest of 
Isidis, Grant and Schultz [11] mapped similar 
deposits in the Electris region of Mars.  Electris 
also displays unconformable deposits with thick, 
poorly-defined layering on the order of  tens to 
hundreds of meters. The deposits had locally high 
volatile content, based on the observation that 
relatively young valley networks that dissect 
portions of the deposit are entirely confined 
within it, and hence an intra-deposit source of 
water is inferred. 
Microphysical interactions determine how water 
behaves in the plume and, through release of 
latent heat, effect plume energetics and 
sedimentation [12].  The surface properties of ash 
are altered by condensation, which increases 
agglomeration and speeds precipitation.  Although 
other workers have investigated the interaction of 
H2O and silicates in rising plumes, both on Earth 
and Mars [12,13,14], they have not considered the 
possible interaction of H2O and silicates via 
adsorption; no vapor is removed from the plume 
until saturation is reached. 
Our model is based on Glaze and Baloga [15]. We 
have expanded their model by allowing H2O to 
exist as vapor, unfrozen water (adsorbate or bulk 
liquid), and ice.  We use the scheme shown in 

Fig. 1. H2O partitions between physical
adsorption and the vapor phase.  If liquid is
stable, the vapor pressure is set, and all remaining
H2O is in the liquid phase.  If ice is present, the
vapor and unfrozen phases are set by temperature
and the ice vapor pressure.  Latent heat is
released in the direction indicated by the arrows
in the inset. 
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Figure 1 to determine the distribution of H2O among 
phases. Unfrozen water exists in all fields.  If the 
plume is in the vapor field, the total H2O is 
partitioned between the adsorbed and vapor phases 
such that the adsorption isotherm is satisfied.  
Because we do not know the adsorptive response of 
primary martian ash, we assume here the basalt 
adsorption isotherm reported by Fanale and Cannon 
[16].  

where γ = 2.09x10-12 kg H2O Pa-1 m-2 and δ = -
2679.8 K. 
If the plume element is in the unfrozen phase 
domain, all remaining vapor is assumed to condense 
to liquid, and the presence of liquid sets the vapor 
pressure in the plume element.  When the plume 
reaches the freezing point, most of the remaining 
water is frozen, although a small amount of 
unfrozen water always remains, in equilibrium with 
the temperature and vapor pressure over ice. 
The plume model itself conserves silicate mass, H2O 
mass, CO2 mass, momentum and energy throughout 
the convective rise height.  It assumes that ambient 
atmosphere is entrained at a rate proportional to the 
rise velocity (u) of the plume. 
The background atmosphere into which the 
eruptions occur is a significant control on the 
evolution of the plume [15].  In the model runs 
explored here, we will assume that Noachian 
conditions, and a total atmospehric pressure of 
8x104 Pa (800 mbar). We assume a plausible 
thermal profile that is valid up to at least 10 km (-
4.78 K/km) based on a radiative-convective model 
[17] (the thermal gradient near the surface is 
independent of pressure, although the surface 
temperature is not). 
The size frequency distribution of the plume 
material is specified by the user.  We assume that 
the size frequency distribution of the particles is log-
normal.  Therefore, in practice, the user specifies the 
mean and standard deviation of the population. 
There are no measurements of the size frequency 
distribution of silicates in ascending Plinian eruption 
plumes.  
The surface area of martian ash, as produced, is 
unknown.  It is certainly variable among volcanoes 
on Earth, and between eruptions, even eruptive 
phases of the same volcano.  Therefore, no 
prescription can be made for this key variable.  It 
will be explored numerically. 
One effect that is certainly understood is that the 
relative importance of internal surface area (cracks, 
irregularities, vesicles, etc.) becomes greater for 

smaller particles.  The largest particles (cm-scale) 
have surface areas not much greater than would 
be expected from their geometric dimensions.  
Smaller particles however have significantly 
greater surface area, as measured in standard 
surface area test such as the BET test.  We explore 
the effects of different size-frequency 

distributions and specific-surface area v. grain 
size relationships.  One example is shown in 
Figure 2, which will be the nominal case for this 
study.  
The adsorptive calculation partitions the total 
amount of water in each element, which 
represents the erupted+entrained water, according 
to Eq. 1, across the surface area available in the 
log-normal distribution specified by the user (e.g. 
Fig. 2).   
The sensitivity of adsorptive scavenging in the 
ascending cloud. to particle size frequency 
distribution can be explored with this adsorptive 
subroutine.  We define a parcel of silicates and 
H2O, and allow that parcel to cool, monitoring the 
total H2O remaining in the vapor phase.  In this 
case, we have defined 107 kg of silicates in the 
test volume, with a log-normal size-frequency 
distribution, a mean grain size of 10-5m, and a 
minimum of 10-6 m2 per particle.  This is based on 
observations of terrestrial ash particles that reveal 
enormous internal surface area.  We assume 105 
kg of H2O (≈1 wt%).  The results of this study 
show significant dependence of the H2O 
sequestered in the adsorbed phase.  In Figure 3, 
we show the effects of varying the standard 
deviation (σ) of the log-normal size frequency 
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distribution from 0.2 to 0.4.  During cooling of a 
parcel, a sharply-peaked (σ = 0.2) distribution will 
adsorb considerably more water than a broad (σ = 
0.4) distribution.  For the surface area distribution 
and adsorption isotherm assumed here, 
approximately 80% of the total water is adsorbed by 
a σ=0.2 distribution in cooling to the liquid 
condensation temperature, and only about 1% by a σ 
= 0.4 distribution.  This indicates that the 
partitioning of H2O is a sensitive function of the 
total silicate area in ascending plume.  Latent heat of 
adsorption would be released gradually in the σ = 
0.2 plume, with only 20% of the original H2O 
available for rapid condensation to liquid, the 
process that initiates moist convection in ascending 
plumes.  Virtually all H2O remains in the vapor 

phase in the σ = 0.4 plume. 
The plume model is initialized by specifying the 
initial velocity of the plume at the volcano throat, 
the radius of the plume, the initial volatile content 
(assumed to be H2O) and the temperature.  We 
assume that the volcanic gases are not overpressured 
at the base (i.e. the plume internal pressure is 
identical to atmospheric ambient), and assume that 
the silicate particles have a density of 2600 kg m-3.  
This assumption may be inaccurate if the silicate 
material traps significant gas. 
These assumptions are adequate to calculate the 
mass eruption rate of the individual plume 
components, silicate and H2O, as well as the bulk 
plume density.  The initial phase distribution of the 
H2O is calculated via the phase partitioning 
calculation described above. 
For comparison, we refer to a standard plume, 
which we specify as R0 , = 10m;  V0 = 200 m s-1; T0  

= 525 K. The rise of a 1 wt % H2O ash plume is 
integrated from the ground upwards via a Runge-
Kutta technique. 
The behavior of the nominal plume under 
Noachian conditions is similar to that predicted by 
other workers (Fig. 4).  The plume ascends to 
approximately 14.5 km.  The plume is carried past 
its neutral buoyancy height (NBH) by momentum.  
The model assumptions begins to break down 
near the top of the plume, as the vertical velocity 
of the plume becomes small.  Therefore, precise 
prediction of the umbrella region of the column is 
not included in this model. 

We next examine the role of varying grain size 
The ambient atmosphere is assumed to be dry in 
this calculation. The standard deviation of the size 
frequency distribution of the silicate materials is 
varied to establish the limits of qualitatively 
similar behavior.   
An interesting result is shown in Figure 5. We 
plot, in blue, the path followed by the vapor 
pressure curve for two different size-frequency 
distributions, as they move from high temperature 
and pressure (upper right), to lower T and P 
(lower left).  For both distributions, the mean 
grain size is 10 µm.  We vary the standard 
deviation of the log-normal size frequency 
distribution from σ =0.3 (sharply-peaked 
distribution) to σ =0.4 (somewhat more broadly-
peaked distribution). 
When the standard deviation of the size frequency 
distribution is 0.4, the initial conditions (T0 = 525 
K, r0 = 10m) force the plume into the superheated 
liquid phase, even at temperatures well above 
373K.  The vapor-pressure history follows exactly 

 
Fig. 3. Only about 20% of the initial H2O remains in
the vapor phase after cooling to 373K when surface
area is large (σ=0.2), but virtually all remains as vapor
when � = 0.4.  Where the condensation temperature is
< 373K, the discrepancy is more extreme than shown
here. 
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the vapor pressure curve (dashed blue line).  
However, if σ = 0.3, then adsorptive equilibration 
depresses the vapor pressure in the plume, 
preventing condensation to liquid in the ascending 
plume, and inhibiting the latent heat release that 
initiates moist convection.  The vapor pressure 
remains below the saturation pressure throughout 
plume ascent. 
Selection of plausible values for the variables of 
choice indicates that Martian volcanoes may be near 
the boundary between two qualitatively different 
behaviors.  The degree of water in the magma 
probably won't vary by more than a factor of 2, but 
doubling the magma H2O content to 2 wt % 
saturates available silicate surface area, and a σ=0.3 
plume condenses liquid just as a σ = 0.4 plume.   

There are additional uncertainties in the model result 
presented here.  For example, simple physical 
adsorption is unlikely to be the only interaction 
between H2O vapor and the ascending ash.  Direct 
chemical interaction will irreversibly remove some 
H2O from the plume, producing alteration of the 
ash. The adsorptive behavior of hot ash particles is 
unknown, and the adsorption isotherm used here is 
extrapolated outside the domain in which it is 
experimentally verified.   
The actual size frequency distribution of the silicate 
material as it is erupted is unknown, as is the 
specific surface area of the ash particles.  The 
behavior of the plume is extraordinarily sensitive to 
these variables, since the distribution of available 
H2O on the available surface area controls latent 
heat release and plume energetics. 

Entrainment of ambient atmosphere with H2O will 
also tend to increase adsorptive coverage, and 
lead to condensation of liquid-phase H2O.  
However, even in the terrestrial tropics, plume 
ascent can do no more than triple the initial H2O 
content [14]. Therefore, a cold-dry Martian 
atmosphere may not hold enough H2O to saturate 
in an ascending plume with high surface area.  
Under warmer, wetter conditions, adsorptive 
scavenging is less likely to prevent condensation, 
perhaps leading to enhanced agglomeration and 
sedimentation of volatile-rich deposits near the 
source. 
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Fig. 5  More surface area per unit mass in the
silicate component of the plume adsorbs more
water.  In this simulation, adsorption prevents the
plume from ever entering the liquid H2O field when
σ is reduced from 0.4 (dashed blue line following
phase boundary) to 0.3 (solid blue line). 
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DECAMETER-SCALE RIPPLE-LIKE FEATURES IN NIRGAL VALLIS AS REVEALED IN THEMIS
AND MOC IMAGING DATA.  J. R. Zimbelman1, 1Center for Earth and Planetary Studies, MRC 315, National
Air and Space Museum, Smithsonian Institution, Washington, D.C. 20013-7012; jrz@nasm.si.edu.

Introduction:  Mars Orbiter Camera (MOC) im-
ages quickly revealed the nearly ubiquitous occurrence
of decameter-scale ripple-like features [1-3].  These
features have been interpreted as either small dunes or
large ripples [1-6].  THEMIS images now provide a
new way to examine these distinctive features, in con-
junction with both MOC images and field results from
large terrestrial aeolian ripples.  A portion of the cen-
tral section of Nirgal Vallis is used here as a site to
study these ripple-like features at several scales.

THEMIS:  IR images - 100 m/pixel.  Both daytime
and nighttime IR images have been released for most
of Nirgal Vallis [7].  The nighttime image (Fig. 1, left)
was obtained at 3.3 H local time, and it reveals a rela-
tively uniform temperature for the plains around the
valley, warmer temperatures on crater rims and the
valley wall rims, and cooler temperatures on the floors
of both the valley and the larger craters.  The crater
thermal pattern is radially symmetric, but portions of
the valley lack warm rims on their northern sides.
Subtle lineations suggest winds from the southeast,
including warmer wind streaks behind large craters.
The daytime image (Fig. 1, right) is dominated by

 
Figure 1.  Nighttime (left) and daytime (right)
THEMIS IR images (band 9), central Nirgal Vallis.
White box shows location of Fig. 2. Centered on
27.5°S, 317.2°E.  Night: I01269004, 3/29/02.  Day:
I016200004, 5/25/02.  NASA/JPL/ASU.

slope effects; sun-facing walls of both craters and the
valley are warm (bright) and the shadowed walls are
cool (dark).  The valley floor has a relatively average
temperature similar to that of the surrounding plains,
definitely NOT the warm temperature that might be
expected if the cool nighttime valley floor tempera-
tures are interpreted simply as a low thermal inertia
surface.  The wind streaks by large craters are slightly
cooler, consistent with a higher thermal inertia than
that of the surrounding plains.

VIS image - 19 m/pixel.  The VIS image (Fig. 2)
was taken concurrently with the daytime IR image in
Fig. 1, and here is rotated to match the north-up orien-
tation of the IR images.  The ripple-like features are
only resolved in portions of the valley floor (see 2X
inset).  Valley floors and plains have a similar albedo.

        
Figure 2.  THEMIS VIS image of a portion of Nirgal
Vallis (see Fig. 1 for context). 2X enlargement (black
box inset) shows ripples on valley floor. White boxes
show locations of  Figs. 3 to 5.  V019200005, 5/25/02.
NASA/JPL/ASU.

Sixth International Conference on Mars (2003) 3028.pdf



MOC: Image E02-02651, 2.8 m/pixel. MOC re-
veals exquisite details of the ripple-like features in
Nirgal Vallis. Numerous ripple-like features occupy
the valley floor, with ridge crests generally transverse
to the valley axis, displaying crest-to-crest wavelengths
of from 30 to 100 meters (Fig. 3).  This pattern is con-
sistent with wind predominantly parallel to the valley
axes, confined by the valley topography.  Small impact
craters are present on some rippled areas (arrows, Fig.
3).  Valley branches on the southern side of the main
valley display similar ripple-like patterns on their
floors (e.g. Fig. 4), indicating the floor feature charac-
teristics are not the result of localized conditions.

 
Figure 3.  Ripples on the floor of Nirgal Vallis (see
Fig. 2 for context). Two impact craters (arrows) are
superposed on the ripples.  NASA/JPL/MSSS.

Valley wall segments show no distinguishing dif-
ferences across valley segments. Although illumination
conditions vary with valley orientation, opposing val-
ley walls show no evidence of substantial differences
in wall texture or morphology on opposite sides of the
valley.  This point is relevant in relation to localized
thermal asymmetries for some valley segments, as
noted above.

The MOC image shows that ripple-like features are
not confined solely to the valley floor.  The surround-
ing plains south of the valley show isolated ripple-like
features (Fig. 5) in an area that corresponds to a
slightly lower nighttime temperature than that of the
plains as a whole.  North of the large crater in Fig. 5, in
an area of slightly higher nighttime temperature, the
plains surface has a scoured texture that might be due
to enhanced aeolian erosion within the zone downwind
of the crater.  The upper part of the crater rim shows
layered outcrops that are the likely cause of the warm

           
Figure 4.  Ripples on floor of a Nirgal Vallis branch
valley (see Fig. 2 for context).  NASA/JPL/MSSS.

 
Figure 5.  Isolated ripples on plains south of Nirgal
Vallis (see Fig. 2 for context). Ripples correspond to
colder area west of crater in the nighttime thermal im-
age (Fig. 1).  NASA/JPL/MSSS.
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nighttime temperatures characteristic of the larger cra-
ters in this area (e.g. Fig. 1).  The crater floor lacks
distinctive morphology, even at MOC resolution, so
that it is unlikely that the cold nighttime temperatures
in the crater are due to unobserved ripples.

Field Examples:  Field studies are underway to
document large aeolian ripples throughout the western
United States [5, 6].  All large ripples observed to date
are covered with a thin accumulation (often a mono-
layer) of coarse particles, ranging from granules to
small pebbles (2 mm to ~1 cm in diameter), over a
substrate of medium sand (Fig. 6) to fine silt. Some
large ripples have smaller coarse-particle ripples su-
perposed on their lee (wind-shadowed) sides (Fig. 6).
Large aeolian ripples only occur in locations display-
ing a bimodal particle size distribution (medium sand

 
Figure 6.  Aeolian ripples at Great Sand Dunes Na-
tional Monument, central Colorado.  Large ripples
have a wavelength of ~3.7 m (see Fig., 7).  Sand
showing typical aerodynamic ripples advanced from
lower right.  White card is 10 cm long.  JRZ, 9/20/02.

  
Figure 7.  Profile across two large aeolian ripples at
Great Sand Dunes National Monument  (see Fig. 6).  A
2.2° regional slope has been removed from the profile,
and the horizontal axis is reversed here to match the
orientation seen in Fig. 6.  ~15X vertical exaggeration.

and the coarser particles), with the large particles often
originating on surrounding hills [5]. Ripples have been
measured (e.g. Fig. 7) with wavelengths ranging from
~60 cm to nearly 10 m, the later being comparable to
the smallest wavelength ripple-like features observed
in MOC [6].

Measured ripple profiles indicate that some exam-
ples are highly asymmetric (e.g. lee slope of 22° and
stoss slope of 6°) [6], while others are more symmetric
(e.g. Fig. 7).  Trenching into the ripples does not reveal
extensive internal layering, although some examples
did show layering parallel to avalanching down the lee
slope.  The largest ripples (wavelengths >5 m) docu-
mented in the southwestern United States occur on
playa margins and are cored with fine silt instead of
the medium sand typical of all large ripples found on a
sand substrate [6].

Discussion:  The Martian ripple-like features are
likely not active under present atmospheric conditions,
as evidenced by the impact craters on some of them
(Fig. 3).  The Martian features are most often higher
albedo than their surroundings [2], except where they
occur on the surface of large (dark) sand dunes [3].
What is the thermal inertia of the ripple materials?
This is difficult to quantify specifically, but the
THEMIS nighttime IR images provide important new
constraints to the question.  The nighttime thermal im-
age of central Nirgal Vallis (Fig. 1) indicates that the
ripple-covered floors of Nirgal Vallis have a lower
effective thermal inertia than that of the surrounding
plains, which are typically 280 to 300 (J m-2 s-1/2 K-1) in
this part of the planet [8].  With a thermal inertia <280,
the ripples has a lower thermal inertia than that of the
dark aeolian materials trapped within large craters [9].

The thermal inertia signature of the ripple-like
features on Mars is not what was originally anticipated
if these features are directly analogous to large terres-
trial aeolian ripples with a relatively thin surface coat-
ing of coarse particles [5].  A low nighttime tempera-
ture without an elevated daytime temperature might
indicate an albedo effect, where the entire diurnal tem-
perature curve has been lowered due to a lower surface
albedo, but this is not consistent with the similar over-
all albedos of both the Nirgal Vallis ripples and the
surrounding plains (Figs. 2 to 4).  One hypothesis for
explaining the observed thermal characteristics of the
rippled surfaces is that a relatively thin (<1 cm) dust
layer has become aerodynamically trapped in and
around the coarse particles on the ripple surface.  This
scenario represents a reduced-scale analogy to dust and
sand that becomes trapped around bushes and large
rocks in terrestrial deserts.  Such a thin dust layer
might not alter the reflectance enough to affect the
apparent albedo in THEMIS VIS and MOC images,
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but still depress the nighttime temperatures relative to
the more dust-free surface of the surrounding plains.

An alternative hypothesis is that the coarse parti-
cles involved in making Earth-like large aeolian ripples
on Mars are aggregates of fine dust or sand, similar to
sand-sized dust aggregates previously proposed for
sand-sized materials on Mars [10]. There is no obvious
mechanism for induration of a sand-sized deposit that
produces a thermal signature like the one displayed in
the THEMIS images of rippled surfaces.  It also seems
unlikely that a hypothesis requiring ripple particles that
are somehow unique and distinct from the dark sand
typical of most large sand dunes on Mars [e.g. 2] is
viable, given the relatively uniform appearance of the
ripple-like landforms across a large portion of the
Martian surface [4, 6]. The kinds of complex surface
particle distributions suggested in the above hypothe-
ses have diurnal thermal properties that should be test-
able with multiple THEMIS nighttime IR coverage of
rippled surfaces obtained at different times of night.  It
is anticipated that such a diurnal assessment procedure
will be a focus of future study as more THEMIS data
are released.
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(2000) JGR, 105, 1623-1650. [3] Malin M. C. and
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THE MARS RECONNAISSANCE ORBITER (MRO) MISSION.  Richard W. 
Zurek, MRO Project Scientist, Mail Stop 183-335, Jet Propulsion Laboratory, 4800 Oak 
Grove Drive, Pasadena CA 91109 (richard.w.zurek@jpl.nasa.gov). 
 
 
In August 2005, NASA’s Mars Exploration Program (MEP) will launch the Mars Recon-
naissance Orbiter (MRO) to Mars.  Carrying a suite of six science instruments, UHF ra-
dio relay, and two technology demonstration packages, the MRO Mission pursues the 
NASA MEP “Follow the Water” strategy through a series of remote sensing observa-
tions.  These are designed to characterize the current Mars climate, including the thermal 
structure and circulation of its atmosphere, the stratigraphy and composition of its sur-
face, and the three-dimensional structure of the uppermost ground layer.  In addition, the 
MRO will provide globally distributed data to be used to identify and characterize future 
landing sites that have a high potential for further scientific discovery.  
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